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Abstract

Geophysical, temperature, and discrete depth-stratified geochemical data illustrate dif-
ferences between an actively venting mud volcano and a relatively quiescent brine pool
in the Gulf of Mexico along the continental slope. Geophysical data, including laser-line
scan mosaics and sub-bottom profiles, document the dynamic nature of both environ-5

ments. Temperature profiles, obtained by lowering a CTD into the brine fluid, show
that the venting brine was at least 10◦C warmer than the bottom water. At the brine
pool, two thermoclines were observed, one directly below the brine-seawater interface
and a second about one meter below the first. At the mud volcano, substantial tem-
perature variability was observed, with the core brine temperature being either slightly10

(∼2◦C in 1997) or substantially (19◦C in 1998) elevated above bottom water temper-
ature. Geochemical samples were obtained using a device called the “brine trapper”
and concentrations of dissolved gases, major ions and nutrients were determined using
standard techniques. Both brines contained about four times as much salt as seawater
and steep concentration gradients of dissolved ions and nutrients versus brine depth15

were apparent. Differences in the concentrations of calcium, magnesium and potas-
sium between the two brine fluids suggests that the fluids are derived from different
sources or that brine-sediment reactions are more important at the mud volcano than
the brine pool. Substantial concentrations of methane and ammonium were observed
in both brines, suggesting that fluids expelled from deep ocean brines are important20

sources of methane and dissolved inorganic nitrogen to the surrounding environment.

1. Introduction

Submarine mud volcanoes are conspicuous examples of focused flow regimes in sed-
imentary settings (Carson and Screaton, 1998) and have been associated with high
thermal gradients (Henry et al., 1996), shallow gas hydrates (Ginsburg et al., 1999),25

and an abundance of high-molecular weight hydrocarbons (Roberts and Carney, 1997).
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Mud volcanoes are common seafloor features along continental shelves, continental
slopes, and in the deeper portions of inland seas (e.g. the Caspian Sea, Milkov, 2000)
along both active and passive margins. Factors contributing to the formation of mud
volcanoes include high sedimentation rates, tectonic activity, and tectonic compression
(reviewed by Milkov, 2000). Along passive margins, mud volcanoes are associated with5

areas of rapid sedimentation (e.g. submarine fans such as the Niger Delta) or areas of
high sedimentation combined with salt or shale tectonic activity (e.g. the Gulf of Mexico)
(Milkov, 2000). Along active margins, mud volcanoes are associated with accretionary
prisms (e.g. the Mediterranean Sea, Limonov et al., 1996; offshore Barbados, Lance
et al., 1998; Langseth et al., 1988).10

When salt diapers breach the sediment-water interface or extend to the shallow sub-
bottom depths (<50 m; Reilly et al., 1996), brine-dominated seepage drives formation
of brine-filled basins or smaller brine pools (Roberts and Carney ,1997). Brine-filled
basins with diameters of several kilometers and depths of hundreds of meters are
known from the Mediterranean Sea (Cita, 1990; Cita et al., 1989; De Lange and Brum-15

sack, 1998; MEDINAUT/MEDINETH, 2000) and the outer continental slope of the Gulf
of Mexico (Bouma and Bryant, 1994; MacDonald et al., 1990; Neurauter and Bryant,
1990; Neurauter and Roberts, 1994; Sheu, 1990; Shokes et al., 1977). Geochemical
profiles through the seawater-brine interface in these basins show steep gradients in
dissolved oxygen concentration, redox metabolites, temperature and salinity (Anschutz20

et al., 1998; Van Cappellen et al., 1998). Smaller brine-filled features form following
rapid fluid expulsion, dissolution of shallow salt bodies, and/or the coalescence of salt
diapirs and generate surface depressions that gradually fill with brine through lateral
density flows (Bryant et al., 1990; Bryant et al., 1991; MacDonald et al., 1990; Roberts
and Carney, 1997). These brine pools form a stable interface with seawater at the level25

of the crater rim (MacDonald et al., 1990). Sulfide-rich brines also occur as aquatanes
at the base of deep-sea escarpments, for example on the western margin of the Florida
platform (Commeau et al., 1987), where they are associated with abundant biomass of
chemoautotrophic fauna.
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Mud volcanoes, brine pools and brine basins are common in the Gulf of Mexico, an
economically important hydrocarbon basin containing late Jurassic age oil and gas that
was deposited in a diverse array of structural settings (Macgregor, 1993). The charac-
ter of the Gulf of Mexico was shaped profoundly by the tectonics of a early Jurassic salt
deposit (Pindell, 1985), which underlies the northwestern margin of the basin and has5

deformed and mobilized (Humphris, 1979) upward and to the south under the weight
of Neogene sediments (Worrall and Snelson, 1989). Uplift or withdrawal of salt bod-
ies creates diapirs or basins, respectively, that spawn irregular seafloor topography
(Bryant et al., 1991) and fault networks that serve as conduits for the rapid transfer
of brines, oil, and gas from deep reservoirs through the overlying sediments and ulti-10

mately into the water column (Kennicutt et al., 1988a, b; Aharon et al., 1992; Roberts
and Carney, 1997). The association of dense chemoautotrophic-based communities
with brine-dominated seeps has been documented in the Gulf of Mexico and elsewhere
(e.g. Brooks et al., 1990; MacDonald et al., 1990; Milkov et al., 1996).

Brine-filled pools and basins contain a distinct volume of dense fluid retained below15

the level of the surrounding seafloor but in contact with the overlying seawater. Sam-
pling the fluid from these often small, shallow basins and defining their morphology has
been challenging. Here we present data describing the geophysics and geochemistry
of brines from a mud volcano and a stable brine pool in the northern Gulf of Mexico.
Geophysical signatures of the environment and temperature profiles through the brines20

illustrate variable and dynamic fluid flow regimes at both sites. Depth profiles of geo-
chemical constituents varied between the mud volcano and the brine pool and both
brines served as sources of energy-rich substrates to the surrounding environment.
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2. Methods

2.1. Site characterization

In May 1998, the submarine NR-1 (and her tender M/V CAROLYN CHOUEST) was
used to survey two brine-dominated cold seeps in the Gulf of Mexico: site GB425
(27◦33.2′ N, 92◦32.4′ W; 600 m water depth) and site GC233 (27◦43.4′ N, 91◦16.8′ W;5

640 m water depth) (Fig. 1). The NR-1 was equipped with an EdgeTech X-star chirp
system (2–12 kHz subbottom profiler) and a Raytheon LS4096 laser line scanner. The
subbottom profiler was used to obtain high-resolution imaging of near-bottom sediment
layers while the laser line scanner was used to produce high-resolution, large-area
surface images of the seafloor.10

2.2. Collection of brine samples

Temperature profiles through the brines and collection of discrete vertical brine sam-
ples were obtained during research cruises on board the “RV Seward Johnson II” using
the research submersible “Johnson Sea Link II” (Harbor Branch Oceanographic Insti-
tute). During expeditions in 1991, 1997 and 1998, temperature profiles through these15

brine pools were obtained by lowering a SBE19 CTD into each pool using a small
winch mounted on the submersible. This equipment was not available for the 2002
expedition.

An instrument called the “brine-trapper” (Fig. 2) was used to collect discrete depth
samples of brine during cruises in 1998 and 2002. The brine trapper consisted of an20

outer PVC shell pierced by a regularly spaced windows and a series of inner delrin
plugs connected by a stainless steel rod. Each end of the plugs was fitted with an
O-ring bore seal. The spaces between the plugs formed a series of internal compart-
ments, each having a volume of about 200 mL. The compartments were open to the
environment when aligned with the windows and closed when the plugs were aligned25

with the windows. Each sampling compartment was fitted with a pressure-relief valve
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and a sampling port (Fig. 2A). On the surface and during descent to the bottom, the
compartments were in the open position. On the seafloor, the trapper was lowered
vertically into the brine using a hydraulically actuated lever mounted on the side of the
submersible (Fig. 2B). The top chamber was visually aligned in the overlying seawater
above the brine-seawater interface. Once the trapper was in position, chambers were5

permitted to equilibrate, and then a hydraulic actuator pulled on the connecting rod to
align the plugs with the windows and seal the compartments. The trapper was removed
from the brine and positioned horizontally along the side of the submersible for return
to the surface.

When the submersible was safely on deck, the brine trapper was removed and sam-10

pled. Because of the length (3 m) of the instrument, sampling had to be done on deck
and was carried out as quickly as possible in the shade within 30 min of return to the
surface. For each chamber, the sampling valve was opened and two samples of the
venting gas were collected and transferred to a helium-purged, evacuated serum bot-
tle (20 mL). After collecting gas samples, the overpressure was relieved so that the15

brine fluids could be collected. Next, a length of argon-purged tubing was attached
to the sampling port, the valve was opened, and the fluid from each chamber was
transferred into an argon-purged 60-mL syringe. The brine fluid was transferred from
the syringe into an argon-purged, clean (3×10% HCl washed and milliQ water rinsed)
500 mL PETG sampling bottle. Then, the headspace of the sampling bottle was purged20

with argon and bottles were capped and transferred to a 4◦C cold room for processing.
Sub-samples for geochemical analyses were filtered (0.2µm Millex syringe-tip filter)
before dispensing aliquots into vials for various analyses (see below).

2.3. Geochemistry

The concentration of dissolved hydrocarbons (C1–C5) in the venting gas from the com-25

partments of the brine trapper was determined by injecting a 0.25 cc sub-sample into a
Shimadzu gas chromatograph equipped with a Hayes-Sep-D column (2 m), which sep-
arated C1-C5 hydrocarbons as a programmed temperature ramp was applied, and a
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flame ionization detector, which quantified sample signals (Joye et al., 2004). Certified
standard gas mixtures (10% CH4 and a C1–C5 mix in a balance of He) were used to
calibrate the GC signals. Analytical precision was between 1.5 and 4%. Appropriate
blanks and internal standards (as noted) were run routinely in the following geochem-
ical analyses and sample concentrations were determined by comparison to a curve5

generated using certified standards. The carbon isotopic composition of methane was
determined using a gas chromatograph coupled to an isotope ratio monitoring mass
spectrometer (Popp et al., 1995).

Sub-samples (1.5 mL) for the determination of dissolved anion (sulfate, SO2−
4 , and

chloride, Cl−) and cation (magnesium, Mg2+, calcium, Ca2+, sodium, Na2+ and potas-10

sium, K+) concentration were acidified using ultrex HNO3 (100µL HNO3 per mL sam-
ple). Major ion concentrations were quantified on a Dionex DX5000 ion chromatograph
after dilution by either 1:100 (for concentrations >2 mM) or 1:10 (for concentrations
<2 mM). For SO2−

4 analysis, precision was 1.5% for concentrations >2 mM and 5–7%
for <2 mM. Precision for other ions was always better than 1%. Dissolved reduced15

iron (Fe2+) concentration was determined in an aliquot of the acidified major ion sam-
ple using the Ferrozine colorimetric method (Stookey, 1979). Dissolved inorganic car-
bon concentration was determined using a Shimadzu TOC5000 infrared gas analyzer.
Samples for the determination of dissolved nutrients were filter-sterilized and stored
at 4◦C until analysis on board the ship. Nitrate (NO−

3 = nitrate plus nitrite), phosphate20

(PO3−
4 ) and silicate (H2SiO2−

4 ) concentrations were determined using standard meth-
ods on a Lachat 3-channel QuikChem 8000 autoanalyzer. Precision of these analyses
was about 2%. Ammonium (NH+

4 ) was analyzed immediately on board ship using the
indo-phenol colorimetric method (Solaranzo, 1969) with an analytical precision better
than 2%.25
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3. Results

3.1. Geologic and geophysical setting

Brine, gas and/or oil (GB425 only) seepage occurs at both sites. The GC233 environ-
ment represents a stable, stratified brine pool whereas the GB425 site represents a
well-mixed, mud-volcano type formation where high rates of fluid discharge generates5

large, episodic temperature fluctuations. Visual observations and temperature records
suggest that, on average, fluid flow at GB425 exceeds that at GC233. Laser line scan
and subbottom data illustrated the geologic nature of both sites (Figs. 3 and 4). The
GC233 site is a small, stable brine pool (190 m2) situated at a depth of 640 m (Mac-
Donald et al., 1990; Fig. 3). A laser line scan mosaic (Fig. 3A) was geo-rectified in10

the ER-MAPPER software environment (MacDonald et al., 2000; Sager et al., 2003).
The GC233 brine pool is situated on a mound, which is elevated 6 to 8 m above the
surrounding seafloor and has a basal diameter of approximately 100 m (Fig. 3). The
fluid filling the pool has a salinity of 130 PSU and is supersaturated with gas (Table 1).
Added density due to the excess salt maintains the brine as a distinct fluid in the pool15

but the brine mixes with seawater by molecular and eddy diffusion.
Subbottom records revealed considerable complexity at the site. On the flanks of

the mound, indurate layers underlie layers with a weak seismic reflection (Fig. 3C),
suggesting surface flows of loosely consolidated material over hardened ground. A
narrow dike, raised about 25 cm, formed a rim that surrounds three sides of the pool20

outside of the mussel bed. The mussels appear as a layer distinct from the brine, which
forms a level reflector. Below the brine, sediments are homogeneous and contain a
large, irregular reflector near the bottom of the record. The most regular subbottom
features were a sequence of layers buried under the present-day mound. Distances
between these layers were greatest in the center of the mound and least around the25

edges. The deepest layer formed a funnel shaped base to the outline of the mound.
Temperature profiles collected in 1991, 1992 and 1998 (Fig. 6A) show an abrupt

interface between brine and seawater and a ∼1 m thick mixed layer in which the tem-
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perature is elevated about 1.5◦C above ambient bottom water temperature. Below
this, a thermocline extended over ∼1.5 m as the temperature increased to about 17◦C.
Temperature was essentially stable at depths greater than 3 m below the second ther-
mocline. Visually, the mixed layer was clear, although refraction makes it appear darker
than seawater. Within and below the thermocline, the brine contained a high concen-5

tration of suspended solids (ca. 50% by volume; data not shown). The pH of the upper
brine was about 6.4 while the pH of the lower brine was 6.8 (data not shown). Simi-
lar temperature profiles over a 7-year period indicate the recent stability of the pool’s
density structure.

Seepage at GC233 is dominated by brine and free and dissolved gases (MacDon-10

ald et al., 1990). Continuous discharge of gas through the brine leads to saturation
with dissolved methane, which serves as a source of energy for mussels with methan-
otrophic symbionts (Nix et al., 1995) that are found along the edges of the pool. Patchy
mats of giant sulfur bacteria, such as Beggiatoa, Thioploca, and Thiomargarita, cov-
ered the sediments adjacent to the mussel beds (Larkin et al., 1994; Nikolaus et al.,15

2003; Kalanetra et al., 2005) (Figs. 5A and 5B). However, some brine sites experience
episodic eruptions and are much more dynamic. An example of a more active site is
the GB425 mud volcano.

The GB425 site lies on the western edge of the Auger basin (MacDonald et al., 2000;
Fig. 4), an intraslope basin that contains economically significant hydrocarbons in the20

Auger, Cardamom, and Macaroni fields and is bordered to the west by tabular salt
bodies (McGee et al., 1993; Sager et al., 2003). The GB425 mud volcano is situated
at a small, active diatreme on the southern margin of a flat-topped mound located
mid-way along the fault. A tension-leg platform installed at Auger Field is producing
from an estimated 100 million barrels of extractable oil (Shew et al., 1993), but large25

quantities of pressurized fluid have evidently escaped through anticline faults along the
flanks of the salt body at the basin margin. Fluids migrating up these faults disturb
surface sediments due to the formation of carbonate nodules, oil and gas pockets,
and biogenic debris. Sediment cores from the area contained high-molecular weight
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hydrocarbon and thermogenic gas hydrate (MacDonald et al., 2000).
Frequent and active venting of brine, free and dissolved gases, and high molecular

weight hydrocarbons sustains an expulsion crater from which gas and fluidized mud
streams are visible (MacDonald et al., 2000). The sediments adjacent to the south of
the diatreme support chemosynthetic mussel communities and mats of free-living giant5

sulfur bacteria (Figs. 6C and 6D), however, the distribution of mussels and microbial
mats is more patchy at GB425 than that at GC233. The GB425 site, which is phys-
ically larger than the GC233 pool, supports a higher rate of gas discharge and flows
of fluidized muds (MacDonald et al., 2000). The GB425 brine consisted of fine clay
suspended in brine with a salinity of about 133 PSU. The suspended sediment load is10

at least 65% by volume (data not shown). The mud volcano brine pH was about 7.4.
A temperature profile through the brine obtained in 1997 showed only slight elevations
in brine temperature in comparison to the overlying bottom water. However, in 1998,
a maximum temperature of 26.2◦ C was observed less than 0.5 m below the interface
(Fig. 6B). Only a 1 m record was obtained as the CTD hit the bottom of the pool at the15

location sampled.

3.2. Geochemistry

A comparison of depth profiles of geochemical parameters between the brine pool and
mud volcano underscored fundamental differences between the two environments. Our
sampling protocol ensured that the uppermost chamber contained seawater from just20

above the brine-seawater interface, which we used as our zero depth reference; the
geochemistry of the seawater sample at both sites was similar. Both brines were gas
charged, containing large amounts of primarily methane in gas vented from the cham-
bers (Table 1). At the brine pool, methane accounted for 99.9% of C1-C5 hydrocar-
bons and the carbon isotopic composition of the methane (δ13C-CH4) was −66‰. At25

the mud volcano, methane accounted for 94 to 98% of C1-C5 hydrocarbons and the
δ13C-CH4was −60‰.

Both brines contained similar concentrations of Na+ (∼1800 mM) and Cl− (2100
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mM), little to no SO2−
4 (0 to 1 mM), and exhibited a slight decrease in Mg2+ concen-

tration with depth into the brine (Fig. 7). In the brine pool, the transition between the
overlying seawater and the brine occurred gradually between 30 and 150 cm (Figs. 7A
and 7B). In the mud volcano, the transition from overlying seawater to the brine oc-
curred rapidly, with a steep gradient observed between 60 and 90 cm (Figs. 7C and5

7D). Calcium concentrations increased with depth in both brines but reached higher
concentrations in the mud volcano. Potassium concentration decreased with depth in
the brine pool but increased with depth in the mud volcano (Figs. 7B and 7D). Plots of
salts versus sodium concentration for the two brines suggested different end-member
compositions for the two brines (Fig. 8). A comparison of the geochemistry of the10

brines described here to other deep-sea brines is provided in Table 2.
Nitrate concentrations were high in the overlying seawater and decreased with depth

in the brine (Fig. 9). In the brine pool, NO−
3 versus Cl− concentration plots showed

conservative mixing between the two end-member fluids (data not shown). In the mud
volcano, the transition between the seawater and brine was abrupt but a plot of NO−

315

versus Cl− concentration for 0 to 90 cm samples suggested a possible sink for NO−
3 in

the 30 and 60 cm samples (data not shown). Phosphate concentrations doubled from
2 µM in the overlying seawater to 4 µM in the brine. Silicate concentrations increased
from 40 µM in the overlying seawater to over 200 µM in the brine (Fig. 9). Ammonium
concentrations increased from ∼0.5 µM in the overlying seawater to between 12 (brine20

pool) and 8 (mud volcano) mM at depth in the brine (Fig. 9). Concentrations of reduced
iron (Fe2+) were higher at GC233 while concentrations of DIC were higher at GB425
(Fig. 10).

4. Discussion

We used an integrated approach to evaluate the dynamics and biogeochemical sig-25

natures of two brine-dominated cold seeps along the continental slope in the Gulf of
Mexico. Our data support two major conclusions: 1) Fluid, gas and mud discharge
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rates differed between the two sites but both sites were likely sources of methane, am-
monium, and in the case of the GB425 brine and oil, to the surrounding environment.
Variations in fluid flow rates resulted in different mixing regimes in the two brines and
this difference likely contributed to the variations in geochemistry that we observed. 2)
While the sodium and chloride content of brines from the brine pool and mud volcano5

were similar, concentrations of other major ions differed suggesting different sources
and/or sinks for dominant ions in the brine fluids.

4.1. Fluid discharge at brine-dominated cold seeps

The present study focused on two brine-dominated seeps in the Gulf of Mexico: the
Brine Pool NR1, located in lease block GC233 (MacDonald et al., 1990) and the mud10

volcano, located in lease block GB425 (MacDonald 1998; MacDonald et al., 2000). At
both sites, central pools of fluidized mud and hypersaline brine have core temperatures
that are ≥10◦C warmer than ambient seawater (Fig. 6). While spatio-temporal variation
in seepage rates exists at both sites (MacDonald et al., 2000), some degree of seep-
age, albeit low at times, occurs continuously. The rate of fluid discharge influences the15

degree of stratification within the central pool of brine and the two sites reflect discrete
end-members of brine stratification, as evidenced by the different temperature profiles
observed at the two sites (Fig. 6). The GC233 site is a more stable, stratified brine pool
whereas GB425 is a well-mixed, mud-volcano type formation in which fluid discharge
generates episodic temperature fluctuations in the overlying bottom water (MacDonald20

et al., 2000).
At GC233, fluid discharge is limited to a sparse stream of small bubbles emanating

from the center and northern edge of the pool. Temperature profiles show an abrupt
interface between brine and seawater and below this, a ∼m-thick mixing zone between
the brine and the overlying seawater is apparent. This mixing zone is also apparent25

in the salt profiles (Fig. 7). The salt diapir beneath the GC233 brine pool lies within
500 m of the seafloor (MacDonald et al., 1990; Reilly et al., 1996). At the GB425 site,
strong seismic reflectors at 50 and 150 ms twt beneath the active volcano suggest the
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presence of a very shallow salt body (Sager et al., 2003). No such reflectors appear
in the 2D lines from GC233 (Sager et al., 2003). The shallow depth of the salt body
beneath the GB425 site may contribute to the enhanced fluid flow that is apparent at
this site.

The elevation of the GC233 mound, sediment slides and bacterial mats on the down5

slope (southern) end of the pool, and a raised dike around the upslope (northern) edge
of the pool, provide evidence that the pool was excavated by a vigorous discharge
of fluid (Fig. 3). The persistence of a mussel community, developed in the present
day to a continuous band that completely surrounds the pool on the level margins of
the crater (Fig. 3), is strong evidence for conditions that have favored chemosynthetic10

communities over an extended period of time. The probable age of the larger seep
mussels in this population exceeds 100 y (Nix et al., 1995), which suggests that the
lifetime of the pool is on the order of hundreds of years. Long-term stability of the level
of brine filling the pool is essential because the brine is anoxic in addition to being
hypersaline. Therefore, it would be fatal for mussels to be submerged in the brine.15

The GB425 site supports a greater rate of gas and fluidized mud discharge (Mac-
Donald et al., 2000). Active fluid expulsion is localized in a 50-m wide, sub-circular
crater on the southwestern edge of the summit, which is one of two such vents on the
mound (Fig. 4). Fine, fluidized mud overflows the northeastern margin of the crater and
moves down the southern flank of the mound. The mud is fluidized in hypersaline brine20

that is supersaturated with methane (Table 1). Beds of the seep mussel rim the south-
ern edge of the crater (Figs. 5C and 5D). Sampling of this site over the past eight years
has documented substantial variations in flow regimes. In 1997, visual observations
indicated that gas and oil discharges were minor. In 1998, however, a continual stream
of small gas bubbles and drops of oil emanated from the central diatreme, while bursts25

of larger bubbles, oil drops, and suspended sediment periodically escaped from the
surrounding mud; similar high flow conditions were observed during dives conducted
in 2002. Such large, continuous eruptions lead to conspicuous sea surface oil slicks
that can be mapped easily using Synthetic Aperture Radar (SAR; cf. MacDonald et al.,
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2000).
Evidence for discontinuous fluid discharge was apparent in a temperature record ob-

tained from a thermistor suspended at the shallow edge of the mud volcano between
1997 and 1998 (MacDonald et al., 2000). The temperature at the brine-seawater
interface fluctuated between 6.9 and 48.2◦C, and had an average temperature of5

26.1±9.1◦C (MacDonald et al., 2000), about 20◦C warmer than ambient bottom waters.
The temperature changes observed over short time periods (∼days) underscored the
ephemeral nature of fluid flow at this site (MacDonald et al., 2000). In 1998, the near
surface (∼0.5 m below the interface) temperature of the GB425 brine was about 15◦C
warmer than temperatures observed in the GC233 brine. The high temperatures near10

the seawater interface suggest that the GB425 site supported higher rates of fluid flow
than GC233. Mixing in the GB425 brine is driven by increased thermal flux and results
in increased gas and oil release from the brine to the surrounding environment. While
we cannot presently constrain fluid flow rates at either of these sites, the available data
show clearly that the physical regime of these two sites is very different.15

4.2. Geochemical signatures of deep-sea brines

Fluid flow at the mud volcano and the brine pool clearly influenced the geochemical
signature of both brines as well as the distribution and activity of microorganisms in
the brine fluids (Joye et al., in preparation1). Both brines were gas-charged, contain-
ing a mixture of C1-C5 hydrocarbons that was dominated by methane. Most of the20

methane fluxing from cold seeps in the Gulf of Mexico is thermogenic (Brooks et al.,
1984). The dominance of the gas mixture seeping from the brine sties by methane
(>98% CH4) and the δ13C of that methane (−66 to −60‰ VPBD) suggested a mixed
thermogenic and biogenic source for methane at both sites, with more of a thermo-
genic signature at the mud volcano (Table 1). At the GC233 brine pool, trace quantities25

1Joye, S. B., Samarkin, V. S., MacDonald, I. R., Montoya, J. P., and Orcutt, B. N.: A Window
into the Deep Biosphere: Microbial Activity in Seafloor Brines, in preparation.
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of ethane and propane were observed but butane, iso-butane and pentane were not
detectable. In contrast, at the GB425 mud volcano, ethane and propane concentra-
tions were two to three orders of magnitude higher than those observed at GC233 and
butane, iso-butane and pentane concentrations were substantial, again suggesting a
larger input of thermogenic gas at this site (data not shown). Vigorous gas discharge5

from the mud volcano created walls of bubbles that emanated along fault tracks for
10’s of meters (Joye et al. personal observation and video documentation). The gas
plume rising from the mud volcano (visualized using CHIRP sonar, data not shown)
reached >200 m above the seafloor (Joye et al., unpublished data). Methane-rich
plumes originating from cold seeps, such as those documented in the Gulf of Mexico10

(Aharon et al., 1992b; MacDonald et al., 2000; MacDonald et al., 2002) are common
features along continental margins across the globe (Charlou et al., 2003 and refer-
ences therein). Seafloor mud volcanoes, in particular, are likely important, but poorly
constrained, sources of methane to the overlying water column and potentially to the
atmosphere (Milkov, 2000; Dimitrov, 2002). Future studies in the Gulf of Mexico and15

elsewhere should aim to quantify the role of seafloor mud volcanoes in regional and
global methane budgets.

The depth distribution of major ions in the two brines also supported the hypothesis
that fluid flow rates are higher at the mud volcano. The seawater-brine mixing zone
in the brine pool extended over more than one meter. In contrast, the seawater-brine20

transition occurred abruptly in the mud volcano, with a small change in salinity observed
between 30 and 60 cm and a 3-fold increase in salinity observed between 60 and 90
cm. Sulfate was rapidly depleted to zero within the mud volcano brine but small (<1
mM) concentrations persisted at depth within the brine pool. We propose that low
sulfate concentrations at depth in the brine pool were maintained by anaerobic H2S25

oxidation using reactive metal (Fe, Mn) oxides as oxidant (Van Cappellen et al., 1998).
Sulfate reduction occurs at high rates in the GC233 brine (rates exceed 1 µM d−1,
data not shown; Joye et al., in preparation1) and Fe2+concentrations are substantial
(∼90 µM, Fig. 10) while H2S concentrations are barely detectable (2 µM), suggesting
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a potential coupling of iron oxide reduction to H2S oxidation, which has been observed
in the nearby Orca Basin brine (Van Cappellen et al., 1998).

The concentration, depth distribution, and ratio of Mg2+, Ca2+ and K+ to Cl− were
surprisingly variable between the two brines. The concentration of Mg2+ was slightly
higher in the brine pool (9.8 vs. 8.8 mM, Figs. 7 and 8). However, the Mg/Cl ratio was5

identical at both sites (0.02) and did not vary with depth, suggesting no net difference
in Mg2+ sources/sinks between the sites. The slight decrease in Mg2+ concentration
over depth observed at both sites may result from dolomite or low-magnesium calcite
precipitation (Charlou et al., 2003). The low DIC concentrations observed in both brines
could result from DIC removal via carbonate precipitation. Calcium concentrations10

in both brines increased with depth, and this increase was much higher in the mud
volcano (5X increase) than in the brine pool (3X increase) (Fig. 7). Likewise, the Ca/Cl
ratio increased from about 0.02 (overlying seawater) to 0.6 in the brine pool and 0.10 in
the mud volcano, showing a net increase in Ca2+ at depth. The increase in Ca2+ could
reflect the replacement of Ca2+ in carbonates by Mg2+ or this could reflect differences15

in the source fluid (see below).
Potassium (K+) concentrations decreased by a factor of 2 with depth at the brine

pool (20 mM in the brine) but increased by a factor of 2 with depth in the mud volcano
(90 mM in the brine). Clay mineral reactions at depth below the seafloor may drive the
variations in K+ concentrations we observed. Lower K+ concentration in the GC23320

brine could reflect kaolinization of illite, which removes K+ from solution at depth (Land
and McPherson, 1992). Similarly, K+ can be enriched in brines by the dissolution
or albitization of K+-rich feldspars (Land and McPherson, 1992). High temperature
(∼40◦C) reactions between the brine fluid and sediments also promote K+ enrichment
in the brine (Charlou et al., 2003). The temperatures observed at mud volcano (brine25

T>40◦C have been documented; MacDonald et al., 2000) suggest that high tempera-
ture reactions may contribute to the K+ enrichment observed at this site.

The differences in salt composition suggests that the two brines either originated
from different sources or have reacted differently with sediments during transit from
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deep reservoirs. Two major salt depositional events occurred in the Gulf of Mexico,
one during the Mesozoic and one in the Cenozoic. Most Mesozoic evaporites in the
Gulf of Mexico are Ca-type evaporates while most Cenozoic evaporates are Na-Cl type
evaporites (Land and McPherson, 1992). The sodium to chloride ratio (Na/Cl) in both
the brines we examined exceeded the Na/Cl ratio (0.82) of seawater (Fig. 8). The5

Na/Cl ratio in the deeper samples collected from the brine pool was as high as 0.94,
suggesting the brine was derived largely from halite dissolution (most likely Cenozoic
Na-rich evaporites). In contrast, the most elevated Na/Cl ratio observed in the deeper
samples collected from the mud volcano was 0.86, suggesting the brine is not de-
rived primarily from halite dissolution. Dissolution of other evaporitic minerals would10

increase the Ca+/Cl− and SO2−
4 /Cl− ratios but those ratios decreased in the GB425

brine, suggesting the brine was not derived from gypsum or anhydrite dissolution. The
most likely explanation for the lower Na/Cl ratio and the brine chemistry observed in
the mud volcano is that the brine was derived from residual evaporated seawater that
had not reached the halite precipitation stage (Vengosh et al., 1998) and that the brine15

has reacted significantly with sediments during transit to the surface (Charlou et al.,
2003).

Very little data on nutrient concentrations in brines exists. While some data on am-
monium or phosphate concentration is available in the literature, few measurements of
silicate and nitrate concentrations have been reported. Nutrient distributions in the two20

brines followed similar trends. Phosphate concentrations were low at both sties (<5µM)
and there was little variation in concentration over depth. Silicate concentrations in-
creased significantly in both brines, and the highest concentration was observed at the
base of the seawater-brine mixing zone (Fig. 9). Silicate concentration in the brines
was 5 times the bottom water concentration, suggesting the brines are an important25

source of silicate to the bottom water.
In contrast, nitrate concentrations were high (ca. 30 µM) in overlying bottom water

but low in the brines. Though the nitrate concentration in both brines was low (≤1 µM,
Fig. 9) but measurable, NO−

3 /Cl− mixing curves suggested conservative mixing be-
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tween the overlying seawater and the brines (data not shown). Though denitrification
could occur in the anoxic brines, available data suggest if process occurs, it occurs
at low rates (possibly at GB425 but not at GC233), and is not particularly important.
Ammonium concentrations in both brines were extremely high (up to 11 mM). Similarly
high concentrations of NH+

4 have been reported from other brines in the Mediterranean5

(3 mM, Sass et al., 2001; 20 mM, Aloisi et al., 2004; Table 2) but an explanation for
these high NH+

4 concentrations is lacking. We speculate that NH+
4 associated with clay

minerals is desorbed as the brine migrates through the underlying sediments. Loosely
bound NH+

4 represents an important NH+
4 pool in sediments and the routine method for

quantifying this N pool is to use a high ionic strength salt solution (either KCl or NaCl)10

to desorb the NH+
4 from the solid phase (Rosenfeld 1979; Mackin and Aller, 1984). The

transit of a brine solution through sediments represents a similar, though natural, des-
orption processes. Because of the high NH+

4 concentration, the DIN/DIP ratio (=((NO−
3

+ NH+
4 )/HPO2−

4 )) of the brine (>1000 and up to 6000) greatly exceeded that in the bot-
tom water (∼40). However, the majority of the brine derived NH+

4 is consumed, possibly15

during nitrification, during mixing of the brine with seawater. This impact of this N input
in terms of driving DIP limitation of biology in the water column or surficial sediments
is not known at present.

5. Conclusions

The two brine systems described here have unique geochemical signatures that result20

from variations in the source fluid as well as processes, including higher temperature
reactions between brines and the sediments as they transit during ascent to the sur-
face. Unlike many of the brines in the Mediterranean (Table 2; Sass et al., 2001;
Charlou et al., 2003), the Gulf of Mexico brines have low sulfide and contain little to no
sulfate. Enrichment of CH4 and NH+

4 , in particular, in the brines makes fluid flow from25

mud volcanoes an important source of energy rich compounds to the surrounding envi-
ronment. In all likelihood, methanotrophic and nitrifying bacteria in the overlying water
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column consume these materials shortly after their release, making mud volcanoes
and brine pools important sources of reduced materials that fuel chemoautotrophic
processes that are commonly associated with ocean floor cold seeps.
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Table 1. Dissolved methane concentration in parts per million (ppm) and % of total hydrocar-
bons as methane (in parenthesis) over depth in the brine pool and mud volcano in 1998 and
2002 (n. d. = no data, chambers were too over-pressured for sample collection; * leakage in
the chamber during ascent or dilution during sample collection).

Site/Date: GC233 1998 GC233 2002 GB425 1998 GB425 2002

Depth (cm) CH4 ppm (%) CH4 ppm (%) CH4 ppm (%) CH4 ppm (%)

0 765385 (99.9) 8151 (99.9) n. d. 151440 (97.1)

30 623885 (99.9) 135996 (99.9) n. d. 539242 (96.7)

60 315908 (99.9) 599541 (99.9) n. d. 1033369 (96.4)

90 806065 (99.9) 563692 (99.8) n. d. 951999 (95.2)

120 451206 (99.9) 867947 (99.9) n. d. 943837 (96.4)

150 944533 (99.9) 817883 (99.9) n. d. 1020328 (97.6)

180 999515 (99.9) 1012613 (99.9) 916588 (98.3) 917553 (96.2)

210 979935 (99.9) 982982 (99.9) 775103 (98.3) *521317 (94.1)

240 992897 (99.9) 918422 (99.8) 868131 (98.3) 927599 (96.8)

270 784305 (99.9) *354070 (98) n. d. n. d.
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Table 2. Geochemical composition of the GC233 and GB425 brines and other brines from
the Gulf of Mexico, Mediterranean, Black Sea and Red Sea. Salinity =‰; all concentrations
in mM except Fe2+ which is in µM. N.D. denotes “no data”. a Brine basin or pool, b Gulf of
Mexico, c Mediterranean, d Mud Volcano, e brine-seawater interface, f Black Sea, g Red Sea,
two stations reported, 3 and 12, h Red Sea, estimated from chloride concentration.

Site ID Salinity [Cl−] [Na+] [K+] [Ca2+] [Mg2+] [SO2−
4 ] [H2S] [Fe2+] [NH+

4 ] Reference

GC233 121 2,092 1,751 22 36 9.7 <1 0.002 92 11 This study
GB425 130 2,114 1,790 89 59 8.7 <1 0.004 24 7.6 This study
Bottom water b 34 564 462 43 11 11 29 ∼0 ∼0 0.1 This study
Orca Basin a,b 258 5,000 N. D. N. D. 32 N. D. 47 0.6 N. D. 0.5 Shokes et al. (1977)
Orca Basin a,b 250 4,450 4,240 17.2 29 42.4 20 0.025 30 0.5 Van Cappellen et al. (1998)
Urania Basin a,c 200 2,830 N. D. N. D. 34 N. D. 85 8.6-11 N. D. N. D. Sass et al. (2001)
Libeccio Basin a,c 321 5,333 N. D. N. D. 21 N. D. 99 1.7 N. D. 3 Sass et al. (2001)
Tyro Basin a,c N. D. 5,350 N. D. N. D. 34 N. D. 49 2.1 N. D. 1.2 Sass et al. (2001)
Napoli c,d 82 1,380 1,347 8.1 8.4 33.9 28.4 3.5 N. D. N. D. Charlou et al. (2003)
Nadir c,d 120 1,979 1,884 7.2 22.2 27.9 37.8 5.8 N. D. N. D. Charlou et al. (2003)
Urania c,d,e 70 1,075 922 26.6 16.8 82.3 44.7 1.6 N. D. N. D. Charlou et al. (2003)
Bottom water c 35 600 492 11.2 11 56 31 0 N. D. N. D. Charlou et al. (2003)
Dvurenchenskii d,e,f 50 835 730 4.3 30 18.3 0 0 N. D. 20 Aloisi et al. (2004)
Shaban Deep #3 a,g 242 4,358 4,408 44 20 77 N. D. N. D. 122 N. D. Eder et al. (2002)
Shaban Deep #12 a,g 220 4,361 3,953 39 19 74 N. D. N. D. 108 N. D. Eder et al. (2002)
Atlantis-II a,h 126 2,000 N. D. N. D. N. D. N. D. 0 0 0 N. D. Schmidt et al. (2003)
Discovery a,h 252 4,000 N. D. N. D. N. D. N. D. 0 0 0 N. D. Schmidt et al. (2003)
Kebrit a,h 252 4,000 N. D. N. D. N. D. N. D. 30 0.4 0 N. D. Schmidt et al. (2003)
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Fig. 1. Map showing the location of the study sites.
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Fig. 2. Photos of the brine trapper used to collect 3-m vertical profiles in deep-sea brines. (A)
The brine trapper was positioned along the side of the Johnson Sea Link (note black arrows)
and was lowered vertically into the brine to collect a profile from the overlying seawater into the
core of the brine (B).
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Fig. 3. Laser line scan mosaic and subbottom profile for the GC233 brine pool. (A) Laser-line
scan mosaic showing the surface of the brine pool and the surrounding rim of mussels. (B)
Plan of site showing trackline. (C) Subbottom record from Track 11 taken along southwest to
northeast track. Water depth of submarine was held constant (within <1 m) along trackline, so
the bottom profile is accurate.
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Fig. 4. (A) Side scan mosaic of the GB425 site (adapted from MacDonald et al., 2000). The
white arrows on the side-scan mosaic denote major mud vents and the mud volcano is the
large pool in the center right noted by “V” and the white circle. (B) Laser line scan mosaic of
southern rim of the mud-filled crater, showing location of M1 sampling station (grid points are
at 10 m centers). Mussel beds are restricted to southwestern (upslope) end of pool.
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Fig. 5. Images showing bottom features near the GC233 brine pool (A), (B) and the GB425
mud volcano (C), (D). A ring of mussels surrounds the GC233 brine pool and eels frequently
skim the brine surface (A). Numerous associated fauna cohabitate the mussel bed, such as a
variety of amphipods, crabs and polychaete worms (B). White bacterial mats (C) are abundant
along the edge of the mud volcano as are barite chimneys (D).
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Fig. 6. Temperature profiles from GC233 brine pool (A) and the GB425 mud volcano (B)
collected between 1991 and 1998. Dotted lines mark seawater-brine interfaces. Note the
difference in scale between the depth axis on the two panels. The solid horizontal line in panel
(A) notes the approximate sampling range of the brine trapper.
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Fig. 7. Depth profiles of major ion concentration in the GC233 brine pool (A), (B) and in the
GB425 mud volcano (C), (D).
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Fig. 8. Plots of chloride (A), magnesium (B), calcium (C) and potassium (D) versus sodium for
the GC233 brine pool and GB425 mud volcano.
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Fig. 9. Depth profiles of nutrient (H2SiO2−
4 , NO−

3 , HPO2−
4 , and NH+

4 ) concentrations in the
GC233 brine pool (A) and the GB425 mud volcano (B).
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Fig. 10. Concentrations of reduced iron (Fe2+) and dissolved inorganic carbon (DIC) in the
GC233 brine pool (A) and the GB425 mud volcano (B).
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