OO NOOULLD WN -

NNNNNRRRRPRPRPRRRR R
B WNROWLVOWONOOODULDWNIERO

A DB W W W W W W WwWwwW W W NN NNDNNN
= O W 00 N o Uu » W N B O O 0 N o U

Deep-marine brine seeps stimulate microbial nitrogen cycling: implications
for the formation of sediment-hosted ore deposits
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Key Points

e Brine seeps in the Gulf of Mexico recycle bioavailable nitrogen from sediments back
into the water column.

e Nitrogen isotopes suggest that brine seepage stimulates biological activity, including
dissimilatory nitrate reduction to ammonium.

e Biological productivity stimulated by brine seeps may have contributed to the
formation of sedimentary ore deposits.

Abstract

Deep-marine brine seeps in the modern ocean are considered analogues for settings that
favoured the formation of sedimentary-exhalative zinc and lead deposits in deep time.
Microbial activity plays an important role in the accumulation of ore minerals, meaning that
the extent of mineralization is at least indirectly dependent on nutrient fluxes. Here, we
investigated the biogeochemical nitrogen cycle in shallow (15-50 cm) sediment cores from
the Orca Basin brine pool and surrounding sites, as well as from an active brine seep area
near Dead Crab Lake in the Gulf of Mexico, with the aim of constraining the effect of brine
seepage on this bio-essential element. We find high porewater ammonium concentrations in
the millimolar range, paired with elevated ratios of organic carbon to nitrogen in sediments,
which confirm previous hypotheses that the brine recycles ammonium from sedimentary
strata back into the water column. Within Orca Basin, we note tentative evidence of microbial
ammonium utilization. At the active seep, ammonium is mixed into the overlying water
column and likely undergoes oxidation. Isotopic data from sediments and dissolved
ammonium, paired with previously published genomic data, suggest the presence of
dissimilatory nitrate reduction to ammonium (DNRA) at the brine-seawater interface. We

conclude that brine seeps can stimulate biological nitrogen metabolisms in multiple ways.
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Our results may help calibrate studies of biogeochemical cycles around brine seeps that are

archived in the rock record.

Plain Language Summary

Brine seeps in the deep ocean are sites where fluids with exceptionally high salinity, up to ten
times that of seawater, seep up through marine sediments and are dispersed into the water
column. Such saline fluids can carry high concentrations of metals such as iron, zinc, lead
and copper, and therefore brine seeps have been proposed as mechanisms for the formation of
ore deposits in the past. An important aspect in this theory is that high microbial activity near
the brine seeps creates locally anoxic conditions under which metals are trapped in sulfide
minerals. Such biological activity would require input of nutrients, including nitrogen. To
shed more light on the biogeochemical nitrogen cycle in brine seeps, we investigated nitrogen
isotopes and abundances in samples from the Gulf of Mexico. Here, ammonium
concentrations in the millimolar range have previously been documented. Our results support
the idea that nitrogen is leached by the brines from deeper sediments and released into the
overlying water column. Furthermore, we find evidence for specific microbial metabolisms
that are stimulated by mixing between anoxic brine fluids and oxygenated seawater, which

may also have occurred in past ore-forming environments.

1. Introduction

Anoxic brine pools and saline seeps at the bottom of the ocean with salinities nearly ten times
that of seawater are some of the most extreme environments on the modern Earth (Mapelli et
al., 2017; Merlino et al., 2018). They are inhabited by a plethora of microorganisms that
capitalize on strong gradients in redox conditions and metabolic substrates. High sulfide
concentrations within the brine attest to extensive microbial sulfate reduction, coupled to the
oxidation of methane or larger hydrocarbons (Boetius et al., 2005; Lloyd et al., 2010), while
sulfide-oxidizing bacteria thrive at the seawater-brine interface on sediment surfaces (Sassen
et al., 1993; Teske and Carvalho, 2020). The well-documented, active sulfur cycle makes
these environments potential analogues for the formation of sedimentary exhalative (SEDEX)
ore deposits in the rock record, where genetic models postulate injection of metal-rich brines
into seawater, followed by the generation of anoxic brine pools and trapping of base metals in

sulfide minerals (Emsbo, 2009; Sangster, 2018). A famous example is the world-class Pb-Zn
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SEDEX deposit in the late Paleoproterozoic McArthur Basin (1.6 Ga), where saline brines
enriched in metals are thought to have originated from older evaporites deeper within the
basin (Large et al., 1998). In this case, a steep geothermal gradient likely facilitated fluid
convection and seepage of metal-rich brine into overlying anoxic strata and/or into the water

column where sulfide minerals were deposited (Ireland et al., 2004; Williams, 1978).

It has been proposed that the hydrothermal saline seeps of the McArthur Basin also carried
with them re-mobilized hydrocarbons (Williford et al., 2011) and ammonium (Stiieken et al.,
2021). The latter in particular could have constituted an important source of bioavailable
nitrogen to the biosphere, to alleviate N-limitation during the mid-Proterozoic (Anbar and
Knoll, 2002). Stimulation of microbial activity by ammonium may have further enhanced
anoxia, sulfate reduction and metal accumulation. Indeed, modern saline seeps and brine
pools are highly enriched in ammonium with concentrations up to 11 mM (Joye et al., 2005;
Joye et al., 2010), supporting the idea that such seeps may act as important nutrient point
sources. However, our ability to draw comparisons to ancient settings is limited by the lack of
detailed investigations of microbial nitrogen cycling in modern environments, in particular

with regards to isotopic signatures that can be preserved in the sedimentary record.

To fill this knowledge gap, we measured nitrogen isotopes, along with organic carbon
isotopes and ratios of organic carbon to nitrogen in sediment samples from modern saline
seeps environments in the Gulf of Mexico. Electrical conductivity, as well as pore fluid
concentrations and the isotopic composition of ammonium, were measured to be able to link
sedimentary signatures to fluid properties. Our results support the notion that saline seeps act
as a recycling mechanism that remobilizes ammonium from sediments (Joye et al., 2005;
Joye et al., 2010) and stimulates microbial activity at the brine-seawater interface and

possibly at regional scale.

2. Study Site

The Gulf of Mexico is partially underlain by salt deposits of Jurassic age that have been
deformed into diapirs over nearly 200 million years by tectonism, geothermal heating, and
differential loading as the sedimentary overburden has accumulated (Joye et al., 2005; Peel et
al., 1995; Pindell and Kennan, 2009). Faults act as fluid conduits along which seawater
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penetrates into the subsurface and partially dissolves the salt bodies, forming highly saline
brines. Geothermal heating creates buoyancy, causing the brines to rise and seep into the
basin along faults with temperatures ca. 10-15°C above ambient background (Joye et al.,
2005; Roberts and Carney, 1997). Such saline seeps occur in multiple localities around the
northwestern Gulf Basin. The most famous locality is the Orca Basin, which is the world’s
largest submarine brine pool with a maximum depth of 600 m below the surrounding seafloor
and a surface area of ca. 400 km? (Pilcher and Blumstein, 2007; Shokes et al., 1977).

Samples for this study came from three distinct sites (Fig. 1, see supplementary tables for site
coordinates in lat/long). The first set of samples (5 cores), collected by HOV Alvin during
dive 4650 represents an active brine seep near Dead Crab Lake, a small brine pool (ca. 10 m
across) in the Green Canyon area in the Gulf of Mexico (Teske and Joye, 2020). At the time
of sample collection in 2010, the surficial sediments at this location harbored sulfur-oxidizing
microbial mats (Stevens et al., 2015; Teske and Carvalho, 2020). Also one brine sample from
Dead Crab Lake was collected. The second sample set (3 cores, hereafter referred to as slope
setting) was collected by HOV Alvin (Dive 4650) at the slope of Orca Basin, rising from
sediments near the oxycline and halocline that do not contain visible benthos (“Pink Jello”
core 4560-5, 2198 m and “red core” 4560-24, 2186 m) towards oxic conditions above the
halocline and oxycline, evidenced by benthic macrofauna in the form of sponges (“Sponge
Garden”, core 4650-3, 2167 m). These characteristics attest to gradually increasing oxic
conditions in the water column within this sample set (Nigro et al., 2020). Our third sample
set was obtained by multicorer sampling from the consistently hypersaline and anoxic bottom
sediments of Orca Basin (Nigro et al., 2020). One core is from the south sub-basin (MUC-6),
and one additional sediment sample comes from the north sub-basin (MUC-7). In addition,
we obtained five samples of the brine lake (CTD cast 0502 and Alvin dive 4647). The
sediment cores from the three samplings sites were ca. 15-50 cm in length and subdivided
into 2-5 c¢cm sections, which were analysed separately as individual samples. Whenever
feasible, sampling sites were recorded with Alvin’s external camera and automated screen

grab system (4dgeo.whoi.edu, Fig. 1).

3. Analytical Methods

After collection (Nigro et al., 2020; Teske and Joye, 2020), the samples were stored in the

freezer at the University of North Carolina at -80°C. For this project, the frozen samples were
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shipped to St Andrews in the UK on ice packs. Immediately after arrival, they were fully
thawed and then centrifuged at 3000 rpm for 10 minutes. The pore waters were passed
through 0.2 um PTFE syringe filters (which were washed three times with DI-water),
acidified with 100 pl of 1M HCI to limit ammonia (NH3) gas loss, stored in separate Falcon
tubes and subsequently kept frozen. The solid sediment residues were placed into a freeze
drier for 2-4 days. Once dried, the sediments were pulverized to a fine powder with pestle and

mortar and stored in Falcon tubes.
3.1. Sediment decarbonation

Ca. 0.5 g of powdered sediment sample were weighed out into pre-combusted (500 °C) glass
tubes, mixed with 1 M HCI (10-15 ml) and left overnight at room temperature, with loose
caps to allow CO, degassing. The samples were then centrifuged at 700 rpm for 15 minutes
and the acid was decanted. To ensure complete decarbonation, 1 M HCI was added again for
30 minutes. If effervescence was observed the samples were left in acid again overnight.
After decanting the acid, the samples were washed three times in DI-H,O (18.2 MQ-cm) and

then left to dry at 70 °C for three days before transfer into pre-combusted scintillation vials.
3.2. Organic carbon and nitrogen analyses of sediments

For analyses of total organic carbon and nitrogen content as well as isotopic ratios, ca. 10-15
mg of decarbonated sediment powder were weighed into tin capsules (8 mm height, 5 mm
diameter; Elemental Microanalysis) and analysed by flash-combustion with an elemental
analyser (EA Isolink; Thermo Fisher) coupled via a Conflo IV to a MAT253 isotope ratio
mass spectrometer (Thermo Fisher). The EA was equipped with a combustion column packed
with Cr,0O3 and silvered cobaltous cobaltic oxide (held at 1020 °C), followed by a reduction
column packed with Cu (held at 650 °C) and a water trap packed with magnesium perchlorate
(held at room temperature). The GC column of the EA was ramped from 40 °C to 240 °C
during each analysis to accelerate elution of CO,. The data were calibrated for carbon and
nitrogen abundances using a series of USGS-41a standards. Isotopic ratios were calibrated
with USGS-41a and USGS-40. The results are expressed in delta notation relative to VPDB
for carbon (813C = [(13C/ 12C)Smnple/(BC/ 12C)5tandard — 1]x1000) and relative to air for nitrogen
(8N = [("N/"N)sampte/(""N/"*N)gtandara — 1]%1000). USGS-62 and SDo-1 were analysed for
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quality control, and the measured results (USGS-62: §"°C = -14.79 + 0.07 %o (1SD), 8"°N =
20.38 £ 0.17 %o (1SD), n = 30; SDo-1: 8"°C =-30.25 + 0.04 %o (1SD), 8"°N = -0.53 + 0.27 %o
(1SD), n = 15) are in good agreement with expected values (USGS-62: §"°C = -14.79 + 0.04
%o, 8'°N = 20.17 + 0.06 %o; SDo-1: 8"°C =-30.0 + 0.1 %o, 5"°N = -0.8 + 0.3 %o) (Dennen et
al., 2006; Schimmelmann et al., 2016).

3.3. Ammonium quantification in pore waters

A colorimetric method based upon Cleaves et al. (2008) was used to determine the
concentration of dissolved ammonium (NH4") in pore waters. Analysis of the samples were
carried out using the Thermo Fisher Scientific Evolution Series 200 UV-Visible
Spectrophotometer at a wavelength of 640 nm. All reagents were prepared using pre-
combusted glassware (500 °C) and DI-H,O (18.2 MQ-cm), including the sodium citrate
buffer (7.6 g of trisodium citrate and 0.4 g of sodium hydroxide in 500 ml of DI-water),
phenol alcohol (1 ml liquified phenol with 90 ml of 100% ethanol, brought up to 100 ml
using DI-water) and aqueous sodium nitroprusside (0.15 g of sodium nitroprusside dissolved
in 200 ml of DI-water). These were stored in the fridge for several weeks. Further, an
oxidising solution was prepared daily from 10 ml of the sodium citrate buffer and 0.1 ml of
aqueous sodium hypochlorite (10-15% available chlorine). A series of standards ranging from
0.5 uM to 100 uM was prepared to calibrate the method, using a stock solution of 1 mM
NH4Cl. Samples were diluted with DI-H,O to fall within this range. To each 1 ml of standard
or sample, 0.5 ml of phenol alcohol, 0.5 ml of aqueous sodium nitroprusside and 1 ml of
oxidising solution were added within 15 ml Falcon tubes. The mixture was left to sit at room
temperature for 60-80 minutes and then transferred to cuvettes for analysis. Average

reproducibility was 1.6 % with a maximum of 8 %.

3.4. Ammonium microdiffusion method for dissolved NH," isotopic analysis

In a subset of samples from the active seep near Dead Crab Lake and from the Orca Basin
brine pool, we analysed the isotopic composition of the dissolved ammonium using a
microdiffusion method. Here, dissolved NH," of a sample is converted to NH; gas by addition
of MgO and then trapped as NH," on an acidified glass fibre filter, which is subsequently
analysed for isotopic composition. We adopted the protocol of Zhang et al. (2016). First,

glass fibre filter disks with a diameter of 5 mm were cut from a 10 mm diameter Whatman
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GF/D filter using a hole punch (cleaned with methanol). The disks were then placed on a 5x1
cm’ strip of Teflon tape, and 10 pl of 2.5 M H,SO, were pipetted onto the disk. Using
tweezers, the Teflon tape was folded and sealed around the disk with the odd end of a pipette
tip. Excess Teflon tape around the edges was cut off with scissors.

Solutions containing dissolved ammonium were diluted with DI-water to ammonium
concentrations of 100 uM in a 10 ml volume. The dilutions were done in 20 ml glass vials. To
maintain a balanced osmotic gradient across the Teflon tape and prevent rupture of the acid
traps, 0.7455g of KCl (Sigma-Aldrich, Cat No. 7447-40-7) were added to each vial to achieve
a 1 M concentration. Then one acid trap was added to each vial along with a magnetic stir bar
(approximately 5 mm in length). Ca. 100 mg MgO (ThermoScientific, Cat No. 205155000)
were added, and the vials were capped immediately with a septum and crimp cap. The
mixture was then shaken to help homogenise the MgO in the solution. The vials were placed
on magnetic stir plates in sand baths at 70 °C for four days. After incubation, the acid traps
were removed from the vials, dipped in 1 M HCI, and briefly rinsed with DI-H,O. The Teflon
tape was pulled open, and the filters were placed into a freeze-drier for two days. Blanks with
no ammonium addition were prepared in the same way. Further, a ‘freeze-drier blank’ acid
trap was placed into the freeze drier to ensure that no absorption of ammonia gas occurred
during the drying process. Three international ammonium sulphate standards were used for
calibrating this method (IAEA-N-1, IAEA-N-2, and USGS-25). For each one, we prepared a
15 ml stock solution of 1 mM ammonium and doped it with 10 pl of 1 M HCI to prevent loss
of ammonia gas during storage. For all samples and standards, the dried filters were
transferred into tin capsules and analysed by the same EA-IRMS setup as the sediment
samples. IAEA-N2 and USGS-25 were used to calibrate the isotopic ratios and IAEA-N1 was
used for quality control. The measured results (5'°N = 0.22 + 0.34 %o, n = 8) are in good
agreement with the expected value (8"°N = 0.43 + 0.14 %o) (Gonzalez and Choquette, 2023).

3.5. Electrical conductivity

For each sample site, one core was selected to measure the electrical conductivity (EC) of the
pore fluids. These measurements were done with a Hanna EC probe, connected to a Hanna
benchtop multi-meter. Prior to analyses, the probe was calibrated with a series of conductivity
standards from Hanna, ranging from 84 pS/cm to 80’000 pS/cm. A 30 ml volume of each
sample was prepared with a 100-times dilution in plastic 50 ml centrifuge tubes. The

conductivity reading was taken once the reading had stabilized.
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4. Results

The electrical conductivity profiles from representative sediment cores at the three sampling
sites (Table 1, Fig. 2) show consistently high values (524-550 mS/cm, Fig. 2c¢) within the
Orca Basin brine pool sediments and consistently low values in the slope sediments from and
above the oxycline (79-83 mS/cm, Fig. 2b). The active seep near Dead Crab Lake shows a
gradient from 182 mS/cm at the top to 419 mS/cm at the bottom of the core (Fig. 2a). These
are consistent with visual observations of dense, reducing brine filling the coring holes during

sampling and confirm the distinct characters of the three sampling sites.

The 8"°N values of the sediment samples (Table 2) from the Orca Basin slope (mean = 3.0 +
0.7 %o, 1SD) as well as from the Orca Basin bottom sediment (2.7 = 0.2 %o) (Fig. 3) are
similar to the composition of dissolved nitrate in seawater in the Gulf of Mexico (2.5
%0,Meckler et al., 2011). Only slope core 4650-3 above the oxycline (“Sponge Garden”) is
overall slightly enriched in "N to ca. 3.5 %o (removing this core from the mean reduces the
average composition of the slope sediments to 2.7 + 0.5 %o). Organic carbon isotopes (5"°C)
are similarly stable and show only a subtle difference between the Orca Basin slope (-22.7 +
0.7 %o) and the brine pool sediment (-21.8 £ 0.1 %o). Molar ratios of organic carbon to total
nitrogen (hereafter C/N) for the two sites are all between 10 and 13 (brine pool: 10.2 + 0.1;
slope site: 11.0 £ 0.7).

At the active seep near Dead Crab Lake, the sediments display 8'°N values only slightly
above seawater nitrate in the bottom of all cores (Fig. 4), but in the top 5-10 cm, all cores
show a shift towards lighter values where the minimum value always occurs in the top-most
sample and ranges from -1.5 %o to +0.3 %o across the five cores. Organic 8'"°C decreases in
parallel with 8'°N. At the bottom, all cores show §'3C values around -26 %o to -27 %o, While
the core tops decrease to values around -30 %o or less. The lowest value of -41.4 %o is found
2-3 cm below the surface in core 4652-5. Molar C/N ratios are mostly above 10 at depth in all
cores, but the core tops show a consistent decrease in C/N with a minimum of 7 found at the
top of core 4652-5. As a consequence, "N and C/N are strongly correlated across the active

seep site (R =0.65, p < 10™'%).
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When the total N (TN) content of the decarbonated residues is plotted versus total organic
carbon (TOC) (Fig. 5), we find that the samples from the Orca Basin brine pool and the slope
site fall along a continuum, attributable to their consistent C/N ratios. TN and TOC across all
samples from both sites are strongly correlated (R* = 1.0, p < 10°°) with a TN intercept of -
0.01 wt. % (Fig. 5). In the sediments from the active seep near Dead Crab Lake, we find that
the core tops with C/N < 10 fall along a steeper slope compared to the core bottoms with C/N
> 10. In both cases, the two parameters are strongly correlated (R> = 0.99 and 0.83,
respectively, p < 10°). The TN intercept is +0.02 wt. % in the subsurface and -0.09 wt. % in

the core tops.

Dissolved ammonium in pore waters (Table 2) is mostly below 0.3 mM in the sediments from
the Orca Basin slope; only few outliers exceed this threshold (Fig. 3). The mean is 0.16 +
0.28/-0.16 mM (median 0.09 mM). Brine samples from within 100 m of the surface of the
Orca Basin Brine pool are slightly enriched in ammonium to up to 0.5 mM in the northern
sub-basin (Table 3). Within the Orca Basin brine pool sediments, dissolved ammonium
concentrations display a mean of 1.38 + 0.14 mM. For the Orca Basin brine pool and
porewater samples, we were able to obtain 8N isotopic measurements of the dissolved
ammonium and found most of the sedimentary samples to cluster around a mean of 4.5 = 0.3
%o, systematically offset from the solid sedimentary values by 1.8 + 0.3 %o on average. The
top-most pore water sample is an outlier with a 8'°N value of 8.6 + 0.5 %o for dissolved
ammonium, confirmed with a replicate measurement (Fig. 6). This value is offset from the
corresponding sediment by 5.7 = 0.5 %o. The brine from the overlying basin (5.2 £ 0.1 %o and
45 £ 0.2 %o at the two sites) is only slightly enriched in composition to the lower
sedimentary pore waters.

In the sediments from the active seep area near Dead Crab Lake, dissolved ammonium
concentrations broadly decrease up-section in all cores (Fig. 4). The gradient, defined here as
the ratio of the maximum ammonium concentration at the base of each core to the minimum
concentration at the top, ranges from 2.1 to 4.6. The highest concentrations with up to 8.5
mM were measured in core 4652-5 with a gradient of 3.3. For comparison, the gradient in
electrical conductivity in the same pore fluids is 2.3 (Fig. 2). From this core, we also obtained
isotopic data for the dissolved ammonium (Fig. 4). In the lower part of the core, the dissolved
ammonium is offset in 3"°N from the sediments by 0.9 + 0.2 %o on average, but the offset
increases to up to 4.6 £ 0.6 %o at the top. In other words, the dissolved ammonium shows a

more subtle decrease in 8'°N at the top of the core by only about 1 %o compared to a decrease
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by ca. 4.5 %o seen in the sediment samples over the same interval. The brine sample from

Dead Crab Lake is similar to the upper pore waters, showing a value of 3.3 = 0.1 %o.

5. Discussion

5.1. Sedimentary archive of marine nitrate in Orca Basin

The Gulf of Mexico is generally described as oligotrophic with high rates of biological N»
fixation occurring in surface waters, making it a net source of fixed nitrogen to the global
ocean (Gruber and Sarmiento, 1997). Biological N, fixation generates biomass with an
isotopic composition around -1 %o (Carpenter et al., 1997; Minagawa and Wada, 1986). As
this biomass is remineralized during sinking through the oxic water column, it is rapidly
oxidized to nitrate, which adopts the same isotopic composition (Marconi et al., 2019).
Globally, the marine nitrate pool is slightly enriched in "°N due to partial nitrate reduction
(denitrification) to N, in oxygen-minimum zones, giving it an average 8"°N value of ca. 5 %o
(Brandes and Devol, 2002; Sigman et al., 2000). Mixing between nitrate from the open
Atlantic and nitrate regenerated from biomass locally thus explain the §'°N value of ca. 2.5
%o for nitrate dissolved in water column in the Gulf of Mexico (Knapp et al., 2005; Meckler
etal., 2011).

This value of 2.5 %o closely matches the composition of many of the sediment samples from
the Orca Basin brine pool and the surrounding inactive areas (Fig. 3). This match is
consistent with the notion that biomass buried on the seafloor represents an isotopic archive
of the nitrate that is dissolved in the overlying water column (Altabet and Francois, 1994;
Tesdal et al., 2013). Nitrate is the major form of bioavailable nitrogen in the modern ocean,
and nitrate-assimilating organisms adopt its isotopic composition, especially where nitrate is
a limiting nutrient. In fact, this property has previously been exploited by Meckler et al.
(2011), who investigated nitrogen isotopes in one core from Orca Basin with a depth range
from 38-898 cm (i.e., more extensive but at lower resolution than in this study) and used the
data to draw inferences about the evolution of 8'°N in the marine nitrate pool over the past
25,000 years. Their results from the upper meter (< 3,000 years) are in good agreement with
our data. The conclusion that these sediments archive the isotopic composition of marine
nitrate in the form of nitrate-assimilating biomass is further supported by the strong

correlation between TN and TOC with minimal TN intercept (grey and black data points in
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Fig. 5), which indicates that most of the nitrogen in our sediment samples from the Orca

Basin and surroundings is likely organic-bound or directly derived from biomass.

It has long been known that dissolved ammonium is highly enriched in the Orca Basin brine
pool (Joye et al., 2005; Nigro et al., 2020; Van Cappellen et al., 1998; Wankel et al., 2010)
compared to average seawater (< 0.1 uM, Cowen et al., 1998). Joye et al. (2005) attributed
these high concentrations to three possible sources, including decomposition of sinking
organic matter, desorption of ammonium from sinking inorganic particles, and desorption of
ammonium from deeper sedimentary strata as the brine rises to the seafloor. Ammonium can
adsorb to and become incorporated into clay minerals in substitution for potassium, as both
ions have the same charge and similar radii (Abdulgawad et al., 2009; Yu et al., 2023). This
substitution typically occurs during diagenesis, when ammonium is released from organic
matter and appears in close contact with the sedimentary clay matrix (Miiller, 1977;
Schroeder and McLain, 1998). However, this process is salinity-dependent (Rysgaard et al.,
1999; Yu et al., 2023), and therefore the high ionic strength of the brine that rises up through
the sedimentary package may desorb ammonium that was previously stored in clay particles,
possibly deeper down in the sediment column. Meckler et al. (2011) report bulk sedimentary
8'°N values up to 4 %o at 3 m depth, and so it is conceivable that the isotopic offset that we
observed between the dissolved ammonium and the bulk sediments in our Orca Basin brine
pool samples (core MUC 6, Fig. 6) represents upwards seepage of ammonium that was
derived from sediments with a different isotopic composition. Alternatively, it is possible that
the ammonium was derived from biomass or clays locally but with a small isotopic
fractionation. For example, preferential degradation of isotopically enriched proteins relative
to other biomolecules (Macko et al., 1987) may have generated an isotopically enriched
ammonium pool in pore waters. Alternatively, the isotopic offset between dissolved
ammonium and solid sediments may represent equilibrium fractionation between dissolved

and adsorbed ammonium (Li et al., 2021).

Intriguingly, the ammonium &N value of the top-most fluid sample from the Orca Basin
brine core (MUC-6) is offset by 5.7 %o from its corresponding sediment sample (Fig. 6).
Since we have only one data point, this observation is difficult to interpret. But if real, we
speculate that it may represent a local biological effect, such as partial ammonium
assimilation or nitrification/anammox. Ammonium assimilation imparts a fractionation of 14-

27 %o, rendering the residual ammonium isotopically heavy (Hoch et al., 1992; Waser et al.,
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1998). Extremophiles residing in the brine pool may potentially perform this metabolism.
While we did not find the corresponding isotopically light biomass of such ammonium-
assimilating extremophiles in the Orca Basin sediments, it is possible that this component is

swamped by the overwhelming influx of organic particles from above.

We note that core 4650-3 from the slope immediately surrounding the Orca Basin brine pool
shows 8N values that are ca. 1-2 %o higher than the composition of marine nitrate, making
this core distinct from all other cores from the Orca Basin. This core was taken above the
halocline on the slope of the brine pool (Nigro et al., 2020) hence ammonium from the brine
pool may have seeped into this sediment core. If so, then locally quantitative assimilation of
isotopically enriched ammonium into biomass may explain the slightly elevated sedimentary
8N values. Interesting to note is that sponges, which occur at this site, are known to
consume microbial biomass (Hanz et al., 2022), and hence N-fuelled microbial mats may

drive sponge growth at this location.

In conclusion, the data from the Orca Basin brine pool and its surroundings support the
notion that the isotopic composition of marine nitrate is well preserved in briny sedimentary
organic matter. Furthermore, we find tentative evidence for biological utilization of the brine-
sourced ammonium at the sediment-brine interface and in the surrounding slope setting that

displays an unusually high activity of sponges.

5.2. Nitrogen redox cycling in active seeps near Dead Crab Lake

A striking feature of the active seep sediments near Dead Crab Lake compared to the
sediments from within and around Orca Basin is the drop in '°N and C/N in the top few
centimetres of all cores while both parameters are enriched at depth. The relatively elevated
C/N ratios in the subsurface of these cores likely reflects leaching of ammonium by the saline
fluids as they seep upwards. As noted above, ammonium is released from degrading biomass,
and it tends to adsorb less strongly to clay minerals at high salinity. Previous studies have
therefore speculated that seepage of saline fluids through the sediment package is an effective
mechanism of exporting ammonium (Joye et al., 2005), and our data provide direct evidence
for this process. The 8'°N enrichment in these subsurface sediments compared to background

marine nitrate (Fig. 4) may thus represent a kinetic effect whereby isotopically light
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ammonium is exported preferentially. (We note that this kinetic effect would counteract the

equilibrium isotope effect discussed above in the context of core MUC-6 in the Orca brine

pool).

The decrease in C/N in the core tops indicates enrichment in N compared to normal marine
sediments, as represented by the sediment cores surrounding Orca Basin (Fig. 5). Previous
studies identified microbial mats at the sampling site near Dead Crab Lake, including
abundant sulfide oxidizers such as Beggiatoa that are known to actively accumulate nitrate in
their cells (Salman-Carvalho et al., 2016; Stevens et al., 2015). It is likely that our sample
preparation protocol washed out most nitrate from the samples; however, the N-enrichment
may be a relic of biological nitrate uptake, if followed by conversion into organic-bound N.
The isotopic data provide additional insights into this process. In the core tops, 3'°N drops to
values as low as -1.5 %o (Fig. 4). Such values fall within the range of biological N, fixation
(Carpenter et al., 1997; Minagawa and Wada, 1986; Zerkle et al., 2008; Zhang et al., 2014).
Usually, this metabolism occurs in settings characterized by N-limitation, but is has been
described from benthic ammonium-rich environments where it is thought to serve as an
electron sink (Knapp, 2012). Genomic evidence of the nitrogenase enzyme, which catalyzes
N, fixation, has been described from an ammonium-rich brine seep in the Mediterranean
where it may be involved in the production of osmo-protectants (Merlino et al., 2018;
Pachiadaki et al., 2014). We cannot completely rule out this possibility as an explanation for
the observed drop in 8"°N in our samples; however, it is not obvious why this process would
be occurring preferentially at the sediment-water interface, which is also the interface
between anoxic brine and oxic seawater (Teske and Joye, 2020), and not within Orca Basin or
any of the slope sediments, which still contain dissolved ammonium above marine
background.

Another possibility is partial ammonium assimilation by organisms that are feeding on the
ammonium brought up by the brine seepage. This interpretation would be consistent with the
drop in ammonium concentrations in the pore waters. As noted above, ammonium
assimilation imparts a fractionation of 14-27 %o and may thus explain the production of
isotopically light biomass (Hoch et al., 1992; Waser et al., 1998). However, this metabolism
would generate isotopically enriched ammonium, while our measurements of 8'°N in pore
waters show a decrease at the top, concurrent with the drop in sedimentary 8"°N (Fig. 5).

Likewise, partial ammonium oxidation (aerobically or anaerobically) is expected to generate

13
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isotopically heavy ammonium (Brunner et al., 2013; Casciotti et al., 2003), inconsistent with

the fluid data.

Instead, the most parsimonious explanation for isotopically light ammonium is perhaps
dissimilatory nitrate reduction to ammonium (DNRA). This metabolism imparts an isotopic
fractionation of ca. 30 %o, where the resulting ammonium is isotopically depleted (McCready
et al., 1983). DNRA may be coupled to sulfide oxidation (Schutte et al., 2018), for which
there is evidence in the Dead Crab Lake microbial mats (Stevens et al., 2015; Teske and Joye,
2020; Teske and Carvalho, 2020). The endmember brines are enriched in dissolved sulfide by
a few mM (Salman-Carvalho et al., 2016). If nitrate-assimilating sulfide oxidizers reduce
over 90% of their accumulated nitrate and store some of the resulting ammonium in their
biomass, this could explain the observations (Fig. 7). If some of the resulting isotopically
light ammonium is released and mixed with ambient ammonium from the brine, this process
could explain our collective dataset, including the drop in sedimentary C/N and 8"°N as well
as fluid 8"°N. A smaller degree of nitrate reduction would also be possible if mixing between
N-sources is taken into account. For example, 80% nitrate reduction by DNRA may generate
biomass and ammonium with a composition around -10 %o, which may be pushed up to the
measured values if mixed with background biomass sinking down from the sea surface (2.5
%o, see Orca Basin, Fig. 3) and with ammonium from the brine deeper in the same core (4.5
%0, Fig. 6), respectively. In either case, the residual isotopically enriched nitrate (Fig. 7)

would be small in abundance and become diluted by the larger marine nitrate reservoir.

One aspect that remains unexplained by this scenario is the drop in ammonium
concentrations up-section in all cores, although DNRA generates additional ammonium. This
drop may in part be explained by mixing between ammonium-rich brine and ammonium-poor
seawater (Van Cappellen et al., 1998). However, the drop in ammonium in core 4652-5 is
larger than the drop in electrical conductivity (factor of 3.3 versus 2.3), pointing towards an
additional ammonium sink. We propose that this additional sink is (aerobic or anaerobic)
ammonium oxidation above the sediment-water interface, given the strong redox gradient
between the brine and the overlying water column (Teske and Joye, 2020). The isotopic effect
of this process (1-25 %o for net oxidation of ammonium to nitrate, Casciotti, 2009), which
should generate ammonium enriched in 8'"°N, is perhaps camouflaged by the isotopic signal
of DNRA (30 %o, McCready et al., 1983) that operates in the opposite direction. Genomic

evidence of ammonium-oxidizing Archaea (AOA) has been retrieved from brine seeps in the
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Red Sea and in the Mediterranean (Merlino et al., 2018), and ammonia-oxidizing archaea are
abundantly associated with sulfur-oxidizing microbial mats and surficial sediments in
Guaymas Basin (Engelen et al., 2021; Winkel et al., 2014). 16S rRNA gene sequences of
ammonium-oxidizing Archaea have also been obtained from briny seep sediments in the Gulf
of Mexico (Lloyd et al., 2006). Further evidence for oxidative processes at the sediment-
water interface at our sampling site near Dead Crab Lake comes from the drop in 8"°C, which

may be indicative of methanotrophy (Grey, 2016).

In conclusion, our data suggest that in the active seep near Dead Crab Lake the influx of
anoxic sulfide-rich brine stimulates DNRA at the brine-seawater interface, despite the
presence of elevated ammonium concentrations in the brine fluid. However, we also see
tentative evidence of ammonium consumption, possibly via aerobic or anaerobic oxidation.
In any case, the concurrent drop in ammonium concentration and electrical conductivity
shows that ammonium is mixed into the overlying water column. Here, it likely undergoes
complete oxidation and mixing with the marine nitrate pool. The brine seeps near Dead Crab

Lake thus constitute a source of recycled fixed nitrogen into marine environments.

5.3. Broader implications

Brine seeps enriched in base metals have been implicated in the formation of sediment-hosted
ore deposits (Emsbo, 2009; Large et al., 1998; Sangster, 2018). In these settings, microbial
activity at the brine-seawater interface may play a role in precipitating sulfide minerals of
economic value (Lyons et al., 2006; Southam and Saunders, 2005). Similar to the brines in
the Gulf of Mexico, ancient ore-forming fluids may have been enriched in ammonium that
was leached from older sedimentary strata (Stiicken et al., 2021). The results from this study
provide additional evidence of ammonium leaching by rising brine (Fig. 5), confirming
previous hypotheses (Joye et al., 2005). In the context of ore-formation, where it is critical to
maintain anoxic conditions via high microbial productivity, the provision of bioavailable
ammonium by the metal-rich brines may be a key parameter. Previous work on a large
economic SEDEX deposit in the McArthur Basin in Australia identified a 4%o gradient in
8"°N with lower values (ca. 3.5 %o) near the ore zone and higher values in more distal
sediments (ca. 7.5 %o) (Stiieken et al., 2021), which was at the time interpreted as

hydrothermal nitrogen input with a light isotopic composition. The data from this work
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indicate that such light values near the locality of brine injection may also result from

secondary metabolisms, stimulated by brine-sourced metabolites.

The presence of brine seeps has further been invoked for the early Cambrian Burgess Shale
environment that hosts some of the most famous animal fossils from the Cambrian explosion
(Johnston et al., 2009; Powell et al., 2006). Dolomite and meter-scale chlinochlore laminates
enriched in magnesium have been identified at several localities within the Burgess Shale
Formation, which was deposited in a basinal environment. These enrichments are believed to
represent anoxic Mg-rich brine pools that formed at the base of a carbonate platform
escarpment. Although these brine pools have not been identified at every fossiliferous
Burgess Shale outcrop locality, fossil distributions suggest that the pools concentrated
megafauna around them as a result of increased microbial productivity (Johnston et al.,
2009), possibly akin to the high activity of sponges seen in the slope setting in our study. We
speculate that remobilized ammonium may have played a key role in driving this locally
enhanced productivity. Burgess Shale Type preservation has been critical for our
understanding of early Phanerozoic ecology (Gaines, 2014), preserving soft-bodied animals
in exquisite detail (e.g., Parry and Caron, 2019), in addition to shelly fauna. The
environmental factors that influence this type of preservation are key to recognising possible
taphonomic biases in the rock record. The microbial and redox processes highlighted in this
study provide an important reference point for interpreting taphonomic processes that may

have operated around Cambrian brine seeps and influenced BST locally.

Lastly, our work highlights the difficulty of identifying DNRA in the sedimentary record. The
isotopic trends at the brine-seawater interface at the active seep near Dead Crab Lake in the
Gulf of Mexico can be linked to DNRA (Fig. 6), because we have the luxury of paired
isotopic records of sedimentary biomass and dissolved ammonium, as well as support from
previously published microbial observations and genomic data (Schutte et al., 2018; Stevens
et al.,, 2015; Teske and Joye, 2020; Teske and Carvalho, 2020). In deep time, only the
sedimentary record is available, and it would be difficult to reconstruct the presence of
DNRA from this record alone, because the isotopic signature overlaps with that of other
metabolisms. Our results therefore suggest that DNRA may be more prevalent at anoxic-oxic
interfaces than previously thought. In fact, DNRA is a more efficient electron sink (eight
electrons per nitrate molecule) compared to denitrification (five electrons per nitrate

molecule), which may constitute an advantage when electron acceptors are limited (Teske,
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2010). Tracking DNRA is further important, because unlike canonical denitrification or
anammox, which both generate N, gas, DNRA retains bioavailable nitrogen in the system,
making it advantageous for N-starved ecosystems. Widespread DNRA in the Precambrian

ocean may thus help resolve a major nutrient limitation (Anbar and Knoll, 2002).

6. Conclusions

Modern brine seeps are important analogues for the formation of sedimentary exhalative ore
deposits that host some of the major economic reserves of base metals (Large et al., 2005).
They may also be important for understanding the distribution and preservation of animal
fossils in the world-famous Burgess Shale (Gaines et al., 2012; Johnston et al., 2009). Both
processes, i.e., ore deposition and fossil preservation, are influenced by microbial activity and
therefore require a thorough understanding of nutrient sources. Modern seep environments
can thus serve as calibration points for nutrient fluxes and geochemical signatures that may
be archived in the rock record.

Our data from the modern Gulf of Mexico, including the Orca Basin brine pool, its
immediate surroundings, and an active seep are near Dead Crab Lake, support the notion that
brine seeps carry with them bioavailable ammonium, mobilized from deeper sedimentary
strata (Joye et al., 2005). While the modern ocean is relatively enriched in nitrate (ca. 30 uM,
Gruber and Galloway, 2008), such a recycled ammonium flux from brine seeps may have
constituted a major point source of a bio-essential nutrient in the Precambrian, when the
ocean was likely N-depleted compared to today (Anbar and Knoll, 2002; Koehler et al., 2017,
Stiieken et al., 2021), and it may have facilitated the preservation of animal fossils underneath
microbial mats in the early Cambrian.

In this modern setting, where the brine-seawater interface is at the same time an interface
between anoxic and oxic fluids (Teske and Joye, 2020), the brine seepage appears to
stimulate dissimilatory nitrate reduction to ammonium (DNRA). We are able to infer this
from paired sediment and fluid data and published genomic records; however, in the absence
of the latter two datasets, which would typically be the case in studies of sedimentary rocks, it
would be very difficult to prove the presence of this metabolism. DNRA may thus have been
more common than previously thought along oxic-anoxic interfaces. Lastly, within the Orca
Basin brine pool and its immediate surroundings, our isotopic data confirms that the

composition of sinking biomass preserves the composition of seawater nitrate, as previously

17



584
585
586
587
588
589
590
5901
592
593
594
595
596
597
598
599
600
601
602
603
604
605

proposed (Meckler et al., 2011). We also find tentative evidence of microbial ammonium
recycling within the brine pool, but further analyses are required to confirm this proposition.
In conclusion, our data add to growing evidence that brine seeps stimulate diverse microbial
nitrogen metabolisms, which impact the sedimentary isotopic archive and may be preserved

in ancient strata.
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609  Figure 1: Map (top) and photos (bottom) showing sampling locations. The map is modified
610  from Tribovillard et al. (2008).
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614  Figure 2: Electrical conductivity profiles. Three representative cores from the three types of
615  settings were chosen.
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Figure 3: Orca Basin sediments from the inactive pool surroundings and from the pool
interior. Sediment data were measured after removal of pore waters and after washing with
HCI and DI-water. Vertical dashed blue line marks the composition of dissolved seawater
nitrate in the Gulf of Mexico (Meckler et al., 2011). The sponge biomass shown for core
4650-3 represents material collected from the surface near the coring site. Dark grey = solid
sedimentary material; light grey = pore fluids.
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627  Figure 4: Dead Crab Lake seeps, sediment profiles. Vertical dashed blue line marks the
628  composition of dissolved seawater nitrate in the Gulf of Mexico (Meckler et al., 2011).
629  Symbol colours are as in Fig. 3.

630
631
632
633
0.50 A Dead Crab Lake seeps top
O Dead Crab Lake seeps subsurface
0.45 © Orca Basin weakly active surroundings »
@ Orca Basin brine pool sediment :
0.40
035 o
. e®
< 0.30 '.‘ y=0.12x-0.01
‘:_J y= 0224)( -0.09 ‘,‘§ " R2 =1.00
2 025 RE=097 /&
’r [~} .
z S
0.20 A
0.15 I S
oé') R
0.10 y = 0.07x + 0.02
R?=0.86
0.05 _
@
0.00
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
TOC [wt. %]
634

635  Figure 5: Total nitrogen versus total organic carbon in solids. The shallow slope of the
636  regression line through the subsurface samples from the seep near Dead Crab Lake (C/N >
637 10, yellow) suggests N loss relative to the core tops (C/N < 10, red). Dead Crab Lake core
638  tops are enriched in N compared to the Orca Basin sediments.
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Figure 6: Isotopic comparison of dissolved ammonium and solid sedimentary nitrogen
(left) along with dissolved ammonium concentrations (right) versus sediment depth. The
sedimentary nitrogen isotope data and the dissolved ammonium concentrations are replotted
from Fig. 3 and 4. Error bars are £ 1 . Where replicates were not measured, the average
standard deviation from all other samples is plotted. Blue data points show the compositions
of the brine pool samples for comparison. The y-axis (sediment depth) does not apply to these
samples. Note that the ammonium concentration of the brine pool like likely lower than that
of the pore waters because the brine sample was taken from near the brine-seawater interface
and is therefore more diluted by seawater.
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Figure 7: Rayleigh model of dissimilatory nitrate reduction to ammonium (DNRA). The
model is based on a fractionation of 30 %o and a starting composition of 2.5 %o for the initial
nitrate (Meckler et al., 2011). With these parameters, over 90 % nitrate reduction are
required to explain the light 8"’ N value measured within biomass in the Dead Crab Lake seep
sediments (Fig. 4). Lower degrees of reduction may be possible, if the resulting isotopically
light ammonium is mixed with isotopically heavy ammonium coming up from the brine (Fig.
6) or, in the case of biomass, if it is mixed with sinking organic matter. Dissolved ammonium
may further be pushed to heavier values by partial oxidation or assimilation (see text).
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666  Table 1: Electrical conductivity (EC) data from selected cores.

Depth EC Depth EC Depth EC
[em] [mS/cm] [em] [mS/cm] [em] [mS/cm]
Core 4652-5: Core 4650-3: Core MUC-6:
0.5 182 1.5 82.4 2.5 524
1.5 208.3 2.5 80.4 7.5 549
2.5 260.9 3.5 80.8 125 542
35 280 5 82.4 17.5 552
5 286.7 7 81.5 22.5 542
9 307 9 82.2 27.5 550
115 251.8 11.5 79.3 32.5 548
15 348 17.5 82.9 37.5 554
17.5 351 20 82.8 4255 550
20 376
23 384
26.5 396
29.5 412
32.5 419

667
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668  Table 2: Sediment data generated in this study. *These sample represent biomass collected from the sediment surface near the coring site.

669  Coordinates of sampling sites are provided as Latitude/Longitude.

TOC,eq, sD 8"Corg sD TNqeq, sD 55Ny, sD C/Neey, sD NH," 5" Nyuas sD
[wt. %] [wt. %]  [%o] [%o] [ne/sl [ne/s] [%o] [%0] [mol/mol] [mol/mol] [mM] [%o] [%o]

Sediment depth [cm]

Active seep near Dead Crab Lake:

Core 4651-6 (27N42.10/90W38.91, 834 m water depth):

0.5 0.85 0.00 -30.28 0.12 1156 32 -0.27 0.15 8.57 0.24 1.406
15 0.59 -28.51 685 0.86 10.11 0.842
2.5 0.49 -28.50 540 1.51 10.67 1.740
35 0.71 -28.81 683 2.13 12.12 1.300
5.0 0.66 -27.90 655 2.92 11.81 n.d.
7.0 0.88 799 2.79 12.86 3.272
9.0 0.95 -28.54 886 2.94 12.46 4.547
115 0.90 -27.19 796 3.30 13.21 4.759
14.3 0.98 -27.40 873 2.97 13.06 4.860
Core 4651-20 (27N42.10/90W38.91, 835 m water depth):
1.25 0.91 0.17 -34.64 0.13 1261 0.24 0.01 8.43 0.06 1.745
3.75 0.75 0.06 -33.23 0.39 773 2.25 0.16 11.34 0.17 2.662
6.25 0.83 -30.09 791 2.61 12.79 3.596
8.75 0.69 -30.49 704 1.82 11.50 4.446
12.5 0.84 -27.99 703 2.28 12.90 5.576
17.5 0.86 -27.51 712 2.73 13.36 6.252
22.5 0.61 -26.53 503 3.04 12.89 7.217
27.5 0.75 -26.74 663 2.99 12.81 7.607
32.5 0.68 -26.57 571 291 12.81 7.982
Core 4652-5 (27N42.10/90W38.91, 833 m water depth):
0.5 1.12 0.03 -36.38 0.02 1850 -1.49 0.01 7.03 0.13 2.578 3.06 0.61
1.5 1.17 0.00 -38.78 0.02 1981 -0.23 0.01 6.89 0.04 3.246 3.49
2.5 1.04 0.01 -41.41 0.32 1656 1.21 0.09 7.36 0.05 4.520 3.90
3.5 0.73 -31.56 894 1.68 9.57 4.989 4.37
5.0 5.228 4.70
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7.0 0.68 -31.65
9.0 0.51 -31.27
115 0.86 -27.11
15.0 1.08 -26.49
17.5 0.69 -26.18
20.0 0.74 -26.55
23.0 0.87 -26.34
26.5 1.04 -26.59
29.5 0.99 -25.95
32.5 0.55 -26.14
Core 4652-12 (27N42.09/90W38.87, 836 m water depth):
0.5 0.76 0.00 -29.43
15 0.82 -27.24
25 0.63 -26.59
3.5 0.62 -26.17
5.0 0.86 -26.22
7.0 0.81 -26.09
9.0 1.07 -26.14
115 1.02 -26.20
14.5 1.18 -26.51
17.5 1.14 -26.18
20.5 0.86 -26.49
235 0.92 -26.34
27.5 1.06 -26.21
32.5 0.86 -26.24
37.5 0.88 0.03 -26.32
Core 4652-7 (27N42.10/90W38.91, 833 m water depth):
25 0.80 0.01 -31.81
7.5 0.85 0.01 -27.00
125 0.78 -26.54
17.5 0.91 -26.58

0.04

0.03

0.01
0.07

821
556
820
928
680
686
813
916
652
553

973
967
667
623
780
739
924
908
1025
991
801
854
949
794
813

835
756
707
799

17

17
11

2.04
3.26
3.20
3.40
3.35
3.02
3.30
3.00
3.23
3.30

0.32
1.77
2.67
2.75
3.21
3.22
3.36
3.20
3.01
3.32
3.36
3.30
3.33
3.39
3.04

-0.11
2.78
2.93
3.19

29

0.10

0.01

0.23
0.36

9.69
10.60
12.28
13.56
11.79
12.55
12.53
13.22
17.70
11.66

9.16
9.83
10.93
11.60
12.83
12.78
13.55
13.13
13.43
13.38
12.53
12.53
13.02
12.57
12.68

11.21
13.04
12.86
13.28

0.08

0.18

0.07
0.09

5.341
5.538
5.712
6.000
6.421
6.805
6.925
7.216
8.066
8.498

0.808
0.496
0.376
0.768
0.592
0.817
0.502
0.754
1.063
1.122
1.418
1.759
1.362
2.051
1.675

n.d.
n.d.
n.d.
n.d.

4.33
4.11

4.30
4.08
4.01

0.07

0.07



22,5
27.5

0.70
0.70

Slope site near Orca Basin:

Core 4650-3 (sponges present, only oxic core from this site, 26N56.293/91W17.163, 2167 m water depth):

-26.46
-26.53

656
660

15 1.20 0.02 -22.62 0.01 1348 1
25 1.03 0.03 -22.59 0.03 1145 18
3.5 0.96 -22.67 1076

5.0 131 -22.69 1401

7.0 1.01 -22.52 1152

9.0 0.60 -22.46 715
115 1.09 -22.90 1181
17.5 0.89 -22.72 1003
20.0 1.19 -23.01 1211

Core 4650-24 (no animals, anoxic, 26N56.29/91W17.16, 2198 m water depth):

0* 1.11 0.01 -22.65 0.00 1171 16
0* 1.07 -22.47 1122

0* 1.06 0.14 -22.28 0.08 1120 150
0* 0.86 0.01 -22.42 0.03 885 14
15 1.96 -22.85 2173

2.5 2.05 0.04 -22.73 0.01 2295 64
3.5 1.98 -22.56 2240

5.0 1.67 -22.79 1823

7.0 1.96 -22.11 2171
115 1.78 -22.05 2046
14.0 1.30 -22.19 1475
17.5 1.35 -21.92 1532 34

Core 4650-5 (no animals, oxygen only in traces, 26N56.29/91W17.16, 2186 m water depth):

125 0.91 -23.06 917
17.5 0.97 0.06 -22.93 0.29 1004 78
22.5 1.12 0.01 -22.84 0.10 1164 7
27.5 0.94 0.00 -23.19 0.14 982 0

30

2.88
3.21

4.32
3.95
4.07
3.47
3.78
3.77
3.64
3.78
3.47

3.37
3.00
2.37
2.03
3.25
3.05
2.95
2.78
2,51
2.62
241
2.49

2.66
2.97
3.26
3.79

0.18
0.05

0.13

0.01
0.59

0.35

0.26

0.16
0.22
0.28

12.37
12.36

10.35
10.47
10.37
10.91
10.25
9.86

10.80
10.38
11.44

11.04
11.11
11.01
11.28
10.50
10.41
10.33
10.71
10.51
10.17
10.30
10.50

11.57
11.31
11.23
11.11

0.16
0.11

0.08

0.02
0.01

0.08

0.21
0.00
0.04

n.d.
n.d.

0.010
0.049
0.063
0.075
0.156
0.010
0.108
0.123
0.074

0.062
0.057
0.058
0.063
0.075
0.081
0.084
0.076
0.338
0.085
0.086
0.120

0.077
0.103
0.103
0.062



670

325
37.5
42.5
47.5
52.5
57.5

0.69
0.62
0.98
0.88
0.27
0.92

Brine pool in Orca Basin:

Core MUC-7 (27N00.00/91W16.99, 2350 m water depth):

3 2.69 -21.79
Core MUC-6 (26N54.48/91W20.09, 2443 m water depth):

2.5 2.43 -21.85
7.5 2.37 -21.83
125 2.39 -21.82
17.5 2.38 -21.85
22.5 3.15 -21.65
27.5 2.87 -21.63
325 3.80 -21.64
37.5 2.42 -21.81
42.5 2.41 -21.86
47.5 2.42 0.02 -21.91

0.05
0.03
0.01
0.04
0.09
0.04

-23.40
-22.71
-22.99
-22.81
-23.16
-22.91

0.28
0.71
0.04
0.01
0.27
0.13

0.03

618
566
988
878
292
890

3159

2769
2739
2754
2761
3544
3201
4302
2775
2761
2767

23
95
11
24
88

2.26
2.81
2.62
2.24
1.62
2.16

2.86

2.85
2.77
2.85
2.80
2.85
2.53
241
291
2.65
2.73

0.16
0.17
0.03
0.20
0.32
0.01

0.11

13.08
12.69
11.58
11.70
10.65
12.09

9.92

10.22
10.10
10.14
10.07
10.38
10.45
10.32
10.18
10.16
10.20

0.44
1.46
0.04
0.20
1.22
0.48

0.04

0.117
0.106
0.119
0.614
1.473
0.177

1.560

1.213
1.180
1.377
1.329
1.296
1.366
1.438
1.586
1.320
1.552

8.57
4.02
4.48
4.72
4.75
4.30

4.67

4.47

0.49

0.34
0.10

0.09

0.09
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671  Table 3: Brine data from this study. In the Orca Basin sites, the oxycline is at 2200 m water
672  depth. At the Dead Crab Lake site, the brine pool is shallow, so the sample was taken from
673  just below the brine pool surface.

Water depth NH, 8 Nypas SD
[m] [mMm] [%o] [%.]
Orca Basin (Alvin dive 4647, 26N54.582/91W20.162)
2235a 0.17 5.19
2235b 0.18 5.13 0.18
Orca Basin (CTD cast 0502, 26N54.486/91W20.099)
2240 0.36 4.24 0.15
2250 0.48 4.57 0.13
2300 0.49 4.70 0.60

Dead Crab L. (site 4651, 27N42.095/90W38.912)
833 0.15 3.32 0.05

674
675
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676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
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714
715
716
717
718
719
720
721
722
723
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