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[1] As part of the 2007 Marnaut cruise in the Sea of Marmara, an investigation of the pore fluid chemistry
of sites along the Main Marmara Fault zone was conducted. The goal was to define the spatial relationship
between active faults and fluid outlets and to determine the sources and evolution of the fluids. Sites
included basin bounding transtensional faults and strike-slip faults cutting through the topographic highs.
The basin pore fluids are dominated by simple mixing of bottom water with a brackish, low-density Pleis-
tocene Lake Marmara end-member that is advecting buoyantly and/or diffusing from a relatively shallow
depth. This mix is overprinted by shallow redox reactions and carbonate precipitation. The ridge sites are
more complex with evidence for deep-sourced fluids including thermogenic gas and evidence for both sil-
icate and carbonate diagenetic processes. One site on the Western High displayed two mound structures
that appear to be chemoherms atop a deep-seated fluid conduit. The fluids being expelled are brines of
up to twice seawater salinity with an exotic fluid chemistry extremely high in Li, Sr, and Ba. Oil globules
were observed both at the surface and in cores, and type II gas hydrates of thermogenic origin were recov-
ered. Hydrate formation near the seafloor contributes to increase brine concentration but cannot explain
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their chemical composition, which appears to be influenced by diagenetic reactions at temperatures of 75°
C-150°C. Hence, a potential source for fluids at this site is the water associated with the reservoir from
which the gas and oil is seeping, which has been shown to be related to the Thrace Basin hydrocarbon
system. Our work shows that submerged continental transform plate boundaries can be hydrologically
active and exhibit a diversity of sources and processes.
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1. Introduction

[2] Considerable attention has been given to char-
acterizing the relationships between fluids and plate
boundary fault systems at submerged convergent
margins yet comparatively little is known about the
hydrogeology of submerged transform boundaries.
Following the 1999 Kocaeli M7.4 earthquake along
the North Anatolian Fault zone at the eastern end of
the Sea of Marmara, an international scientific
partnership was established to identify the active
faults within the Sea of Marmara through a series
of cruises beginning in 2000. Early cruises [e.g.,
Halbach and the Scientific Party, 2000] identified
water column methane anomalies, a shallow sulfate
reaction zone, and seafloor microbial mats at the
Main Marmara Fault suggesting an active hydro-
logical system associated with the fault [e.g., Judd
and Hovland, 2007]. The objective of the 2007
Marnaut cruise (this study) was to examine this
relationship between fluid expulsion sites and active
faults. The cruise occurred 12 May through 12 June
2007, aboard the French research vessel I’ Atalante
with the submersible Nautile with participants from
France, Turkey, Italy, Spain, Germany, and the U.S.
The technical objectives of the cruise were to sys-
tematically locate fluid outflow sites, via geophysi-
cal means and direct observation by submersible, to
define the spatial relationship between active faults
and fluid outlets, to sample these fluids to determine

their nature and origin, to install instruments to
monitor fluid flow, pore pressure, and microseis-
micity, and to sample through coring the sedimen-
tological record of previous earthquakes. This
manuscript presents and interprets the results of the
pore fluid geochemical analyses.

1.1. Geologic and Tectonic Context

[3] The Sea of Marmara lies south of Istanbul,
Turkey, and connects the Black Sea to the Medi-
terranean Sea by way of Istanbul (Bosphorus) and
Canakkale (Dardanelles) Straits. It consists of three
~1200 m deep fault-bounded extensional basins
where a few kms of sediment has recently accu-
mulated (Figure 1) separated by compressional
ridges that rise ~600 m above the basin floors [Le
Pichon et al., 2003]. This part of the Sea of Mar-
mara is crossed east to west by the Main Marmara
Fault (MMF), which forms the northernmost branch
of the North Anatolian Fault (NAF) and takes up
most of the 23-27 mm/yr strike-slip motion
between Eurasian and Anatolian plates [Le Pichon
et al., 2003; Meade et al., 2002; Reilinger et al.,
2006]. The MMF joins the izmit Fault in the east
and the Ganos Fault in the west. The actual slip rate
on the offshore MMF has mostly been estimated
from models. Estimations for the dextral strike slip
component vary between 12 and 23 mm/yr de-
pending on the fault segment considered and the
assumptions underlying each model [Flerit et al.,
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Figure 1. Map of the Sea of Marmara indicating (a) regional reference frame and tectonic framework; (b) the names
and locations of major features, fault locations, and bathymetry; and (c) the locations of the coring sites referenced in

this manuscript.

2003; Hergert and Heidbach, 2010; Le Pichon et
al., 2003]. Slip on secondary fault branches is less
(1-5 mm/yr), but this should not bias their hydro-
geological significance. The seafloor trace of the
MMF is linear on the ridges, and more complex in
the basins. Each sector displays different structural
characteristics and tectonic styles corresponding to
transtension, partitioned strike-slip and extension,
or, locally, transpression [Armijo et al., 2002; Bécel
et al., 2010; Carton et al., 2007; Rangin et al.,
2004]. M7+ earthquakes appear to occur in the
region on a ~100 yr average time interval and, after
the Kocaeli M7.4 earthquake [Barka et al., 2002]
along the Izmit Fault, the MMF was proposed to be
the likely source of a major earthquake (>M7) in the
near future [Hubert-Ferrari et al., 2000; Parsons
et al., 2000].

[4] The Sea of Marmara was a freshwater lake iso-
lated from both the Mediterranean and Black Seas
prior to the last glacioeustatic sea level rise [Aksu
et al., 1999; Cagatay et al., 2000; Ryan et al.,
2003] with the transition to a marine environment
occurring progressively from 14.7 to 12.4 kyr BP
and with a lithological transition in sediment cores
occurring at about 12 kyr BP [Cagatay et al., 2000;
Vidal et al., 2010]. Sedimentation rates as high as
2.5 mm/yr in the basins has deposited up to 35 m

of marine sediment above the lacustrine-marine
transition with shelves and ridges receiving only
0.1-0.5 mm/yr [Armijo et al., 2005; Cagatay et al.,
2000; Mercier de Lépinay et al., 2003]. Presently,
the water of the Sea of Marmara is strongly stratified
with a 2040 m thick layer of brackish Black Sea-
water entering through the Bosphorus capping warm
saline Mediterranean water that enters through the
Dardanelles and sinks below the cap.

1.2. Prior Evidence for Fluid Emissions

[s] Methane emissions associated with the Main
Marmara Fault were found during the Meteor cruise
M 44/1 (1999), as evidenced by black-grayish sea-
floor sediments with bacterial mats and by methane
anomalies in the lower part of the water column
[Halbach and the Scientific Party, 2000]. These
observations were made where the fault crosscuts
the Western High separating the Tekirdag and
the Central basins. In addition, a shallow sulfate-
methane reaction zone (SMRZ) was detected in
sediment cores from the same area at depths of 4 to
5 m below the seafloor and from the Cinarck Basin
at 3 mbsf [Cagatay et al., 2004]. High-resolution
seismics [Le Pichon et al., 2001] and chirp pro-
files indicated the probable presence of trapped
gases within the uppermost sedimentary sequences.
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Observations during the Marmarascarps cruise (2002)
showed that bubbles (presumably of methane) are
often present immediately beneath the seafloor at
reduced sediment patches, notably on the Western
High. More spectacular active chimneys were found
in Tekirdag Basin and in the Central Basin [Armijo
et al., 2005] but the fluids were not sampled. In
Tekirdag Basin, fluid outflow is visible, due to a
contrast in optical indices; however, the temperature
is less than 0.5°C above the bottom water tempera-
ture, implying that a fluid of very different salinity
is expelled at this site. Water sampled below the
SMRZ in cores taken in these basins and on the
Western High exhibited decreasing salinity with
depth. Zitter et al. [2008] suggested that the burial
of Lake Marmara fresh or brackish water was the
source of the freshened end-member fluid seen at
deep levels in cores from the Marmara-VT cruise
and at the chimneys. Reasoning based on the extrap-
olation of mixing lines suggested a minimum chlo-
rinity of 100 mM for the buried fluid, thought to be
representative of the Marmara glacial lake. These
Tekirdag chimneys were found on the MMF out-
crop and are located on a recent seafloor rupture
(possibly of 1912 Ganos earthquake), which broke
older carbonate crusts. In the Central Basin, smaller
chimneys and abundant carbonates were found on
the subsidiary fault bounding the basin to the north.
This fault does not display evidence of comparable
recent surface rupture. Manifestations of fluid expul-
sion in the Ciarck Basin area were not systemati-
cally investigated previously but intense expulsion
of methane in the Izmit Gulf near the 1999 Kocaeli
earthquake rupture have been reported [Alpar,
1999].

1.3. Spatial Relationship Between Fluid
Flow and the MMF

[] The Sea of Marmara is an exceptional case
were active seafloor venting sites are found on the
surface trace of a major plate boundary fault. The
distribution of seeps in convergent margins is often
more complex with rare, if any, seeps at the frontal
thrust and the bulk of fluid outflow distributed over
the outer fore arc at the surface traces of thrust faults,
normal faults, and mud volcanoes. Our observations
in the Sea of Marmara suggest a simple pattern
where the main strike-slip fault is the main channel
for fluid expulsion on the ridges and the basin
bounding faults are the main fluid channels in the
basins. This simple pattern is overlain by the effects
of turbidite channels which provide lateral conduits,
local structural effects such as anticlines which can
act as traps, and by local bends in the MMF causing

compaction or dilation driven flow. In addition,
temporal influences such as recent earthquake activ-
ity may affect emissions. For example, the region of
the Central High seismic gap exhibits less gas emis-
sions while the region west of the Kocaeli earthquake
rupture that exhibits microseismic activity exhibits
extensive gas emissions [Géli et al., 2008].

[71 The spatial relationship between fluid seeps and
the faults was constrained by a combination of pre-
viously collected subbottom seismic surveys that
located the fault structures[Armijo et al., 2002, 2005;
Demirbag et al., 2003; Imren et al., 2001; Rangin
et al., 2004] and also imaged blanking caused by
gas in the sediment column [Le Pichon et al., 2001;
Zitter et al., 2008], by water column acoustic sur-
veying that imaged bubbles in the water column
[Géli et al., 2008], and by visual surveys by sub-
mersible. Indications of flow included gas expul-
sion, visible aqueous outflow, areas of black sulfidic
sediment, and characteristic seep biology such as
microbial mats and chemosynthetic bivalves (see
reviews by Judd and Hovland [2007] and Levin
[2005]). In the basins, fluid seeps were restricted
to a few 10s of meters of the bounding faults
which were well located by fault scarps. The one
significant exception to this was in the southern
Cinarck Basin where more widely distributed
seepage was observed associated with a broad
region of closely spaced normal faults rather than
a simple bounding fault. On the ridges, fluid
seepage was associated with the main strike-slip
fault but also extended along anticlines.

2. Methods

2.1. Sampling Strategy

[8] The acoustic method of gas plume detection
described by Géli et al. [2008] was extremely effi-
cient and allowed us to discover many new seep sites
and to firmly establish the direct correspondence
between water column acoustic anomalies, seafloor
seeps, and active faults. After acoustic identification
of potential seep sites we visually confirmed and
explored the sites utilizing the Nautile submersible.
Ten cold seep sites spanning the fault zone were
explored during 30 dives. Sites for coring were
chosen, based on a combination of prior geophysical
surveys, our acoustic bubble detection results, and
our visual surveys, to include a diverse and repre-
sentative sampling. Thirteen piston cores of up to
10 m were collected in and near the seep areas, as
well as background cores, and utilized for pore fluid

4 of 22



TRYON ET AL.: PORE FLUID CHEMISTRY OF SEA OF MARMARA

10.1029/2010GC003177

&k Geochemistry _ 7
*  Geophysics (l
: | Geosystems | I

0 I

a chloride (mM)

2504 i QE S

depth (cm)
(o))
o
o
t
t

750+ ¢ £

1000 w
0 350 700

250

depth (cm)
(o))
o
o

750

1000
0

sulfate (mM)

20 40

Tekirdag Basin cores ® KC-17 = KC-30 ¢ KC-31 0 VT-2737 oVT-2740 Arrows indicate the composition of Sea of Marmara bottom water

Figure 2. Results of the core pore fluid analyses. (a) Tekirdag Basin, (b) Cinarck Basin, (c) Central Basin, (d) ridge
sites, and (e) Western High mound sites. See section 3 for details.

analysis (Figure 1). Coring was carried out with the
IFREMER 10 m Kullenberg piston coring system.

2.2. Analytical Methods

[9] Upon recovery, the cores were rapidly sec-
tioned to 1 m lengths on deck, capped, and moved
to the 4°C cold room. Fluid was extracted at
intervals along the core by utilizing Rhizon
samplers [Dickens et al., 2007; Seeberg-Elverfeldt
et al., 2005]. Rhizon samplers are made of a 2.4 mm
hydrophilic porous polymer tube with a pore size
of 0.1 pum attached to PVC tube and luer connector.
The polymer tube is supported by a nylon wire. The

core liner is drilled at appropriate intervals and the
sampler inserted until it seals against the liner. For
this study we either attached the luer to a syringe
needle which was then inserted into evacuated
plasma vials or attached the luer to a 10 ml syringe
and extracted the plunger and affixed it at full
extension creating the needed vacuum for extrac-
tion. Typically 5 ml of fluid was extracted from the
shallowest levels (0—2 m) and this was reduced
downcore to as little as 1-2 ml near the bottom,
depending on the core's properties. The primary
reason for this sampling technique was to preserve
the cores for subsequent physical property and sed-
imentological work. This technique also provided
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Figure 2.

excellent filtration and minimized fluid contact with
oxygen.

[10] The fluids were subsampled in the cold room
immediately after collection. When sufficient fluid
was collected, 3 ml of sample was quickly trans-
ferred to a 4 ml vial, 0.40 ml of 0.25 M Zn acetate
added, and the vial capped, shaken, and stored.
This pretreatment method precipitates the sulfide
allowing for storage for onshore analysis many
weeks later by standard colorimetric methods. For
all fluids collected, 1 ml subsamples for elemental
analysis were acidified to prevent precipitation and

(continued)

preserve them for onshore analysis. The remaining
fluid was saved for other analyses and archiving.
Chloride concentration was determined on board
from these latter samples by titration with silver
nitrate with the indicator potassium chromate/
potassium dichromate using IAPSO seawater as the
standard. Onshore elemental analyses were done
via ICP-OES. Sulfide and ammonia were analyzed
by standard methods [Gieskes et al., 1991].

[11] Cores were scanned on a GEOTEK multi-
sensor core logger (MSCL) and these logs used to
quantify voids in the cores and correct the sampled
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depth intervals for expansion. The MSCL profiles
were also used for correlation of the interface and
piston cores recovered from the same location,
which is important for checking if the piston core
tops were missing. All depths reported here are
corrected rather than indicated depth.

3. Results and Interpretations

[12] The tectonic environments of the seeps varied
from basin bounding extensional faults to strike-
slip faults, many of which exhibited sharp and fresh-
appearing fault escarpments. Most seeps were

*KC-13 =KC-19 oVT-2742 Arrows indicate the composition of Sea of Marmara bottom water

(continued)

extensive, patchy, and diffuse, displaying patches
of black sulfidic sediment with typically white to
yellow/orange microbial mat on the surface. One
end-member type was highly focused, emitting
ambient temperature shimmering fluids of low
salinity that precipitated chimney structures. At
other sites gas bubbles were seen coming from the
sediment and, in one occurrence, from open frac-
tures in underlying sedimentary rocks. Another type
had the appearance of a flow with precipitate cov-
ered sediment with a fan morphology extending
downslope from the seep. This latter site was asso-
ciated with very high salinity fluids and significant
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traces of hydrocarbons and included shallow gas
hydrate well outside the methane hydrate stability
field.

[13] The concentration profiles of CI, Na", Mg2+,
Ca’", sr**, K, Li", B, Si, Ba®", Fe, Mn, sulfate,
sulfide, and NH, are shown in Figure 2. They are
grouped by location: Tekirdag Basin, Cinarck
Basin, Central Basin, Ridge sites excluding the two
hydrate and carbonate mounds, and the hydrate and
carbonate mounds. This grouping facilitates dis-
cussion and appropriate scaling of the axes for the
wide ranges of concentrations encountered. Core

Arrows indicate the composition of Sea of Marmara bottom water

(continued)

locations are shown in Figure 1. Average bottom
water composition is indicated in Figures 2a—2e by
arrows.

3.1. Basin Sites

[14] Figures 2a—2c show the downcore chemical
profiles of the Marnaut basin cores with Marmara-VT
cores VT-2737, VT-2740, and VT-2742 included
for reference [Zitter et al., 2008]. Cores KC-2 and
KC-13 were taken as reference at sites without
nearby seafloor manifestations of gas or water out-
flow. Cores KC-17, VT-2737 and VT-2742 are
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located about 1 km from known cold seep sites
but with chirp profiles indicating the presence of
free gas in the sediment. The fluid compositions of
these and the background cores are dominated by
shallow redox reactions and carbonate precipitation.
A freshening gradient with depth is also observed to
various degrees in Cl and Na profiles. KC-2, KC-5,
and KC-13 exhibit a shallow sulfate-methane reac-
tion zone (SMRZ) extending down to the sulfate-
methane interface (SMI) at about 300 cm depth.
The shallow SMI and linear SMRZ are typical of
anaerobic methane oxidation (AMO) [Borowski

Arrows indicate the composition of Sea of Marmara bottom water

(continued)

et al., 1996, 1997]. AMO produces bicarbonate
which reacts with seawater Ca, Mg, and, Sr to
produce carbonates, leading to the observed minima
of these ions coinciding with the SMI. KC-17 and
the VT cores exhibit a similar pattern, but with a
deeper SMI at 750 cm depth. Below the SMI in all
cores Ba concentrations increase due to dissolution
of biobarite in the absence of sulfate ions. Cores
KC-7, KC-19, KC-30, KC-31 and VT-2740 were
collected near and at fluid seeps and are altered with
respect to the basin background profiles and notably
display stronger freshening gradients with depth,
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Figure 3. Detail map of structure and site location at the Tekirdag Basin site.

indicative of upward advection of low-salinity pore
fluid.

3.1.1. Tekirdag Basin

[15] All of the Tekirdag Basin (Figure 2a) cores
were taken at the southern margin at a depth of
1120 m near the site referred to as “Jack the
Smoker” [Armijo et al., 2005]. Figure 3 shows the
spatial relationship between the cores. Locations
are estimated to be +25 m. Marmara-VT cores
2737 and 2740 are also shown in Figure 3 and in
the pore fluid composition plots for reference
[Zitter et al., 2008]. KC-31 was taken above the
fault scarp at the Jack the Smoker site in Tekirdag
Basin and only one meter was recovered which
appears to be the core top. These cores are domi-
nated by the influence of Lake Marmara brackish
water. In particular, core KC-30, taken adjacent to
the site “Jack the Smoker,” exhibits strong fresh-
ening with depth. Crossplots of the relatively un-
reactive pore fluid chemical components against
chloride can be used to estimate the composition of
the end-member fluid (Figure 4). This is in close
agreement to the estimate made by Zitter et al.
[2008] and used in their diffusion profile model 2.
There is evidence, however, that these fluids have
been involved in silicate diagenesis. The Na/Cl
molar ratio of 0.5 of the end-member fluid is sig-
nificantly less than typical lake, river, and meteoric
water, as well as seawater and presumably this is due
to Na uptake during clay formation from silicates
such as feldspars which would also take up K and

Mg and release Ca. There is a very clear progression
of composition profiles with distance from the fluid
vent site. KC-17 and VT-2737 are located ~1500 m
from the vent and have chloride profiles similar to
one another. KC-17 is much closer to the fault scarp,
however, which might suggest that the vent is a point
source with minor lateral leakage along the fault,
or that there is simply a maximum distance from
the fault beyond which flow along it has minimal
influence. Alternatively, KC-17's nearly vertical
profiles of Ca, Sr, and sulfate in the top ~500 cm
followed by a concave upward lower section suggest
that there may be downward flow at this site while
VT-2737 appears more linear and diffusive.

3.1.2. Cinarck Basin

[16] Core KC-2 was taken at a depth of 1280 m in
the east central Cinarck Basin (Figure 2b) and was
intended as a representative background core. KC-5
was located at the base of the southern scarp in a
small fault-bounded and sediment-filled depression
at a depth of 1270 m. The pore fluid profiles from
these two cores are nearly identical and distinguish
themselves from the other basin cores by their
unusually high boron content. This is not surprising
considering that more than 60% of the world's boron
reserves are located in Turkey and much of that is
located in the 30,000 km* Susurluk Drainage Basin,
south of the Sea of Marmara, which drains into the
Cinarck Basin [Kazanci et al., 2006]. These cores
also exhibit a shallower sulfate-methane reaction
zone depth than most basin cores. The small decrease
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Figure 4. Crossplots of major ions versus chloride for the core KC-30 showing graphically the determination of the
Pleistocene Lake Marmara end-member composition. Generally, the lowest concentration Cl sample is also the lowest
concentration of the other ions; however, as can be seen in the plots, shallow diagenetic processes have a large affect
on Ca and Si, and therefore, Lake Marmara bottom water concentration of these ions cannot be readily determined but
are presumed to also be that of the lowest Cl concentration.

in sulfate in the first 100 cm followed by a rapid and
linear decrease to zero at 300 cm, combined with the
sharp decrease in Mn at 100 cm or shallower, sug-
gests that the anoxic boundary occurs by 100 cm
depth in these cores. The unusually steep sulfate
gradient and shallow SMI are indicative of upward
methane flux and consumption of sulfate by AMO.

[17] Sharp changes in Mg, Li, K, and B above
400 cm suggest silicate diagenetic processes may
also be occurring in addition to the typical redox
and carbonate reactions. Silicate mineral weathering
such as kaolinite formation from feldspar are typi-
cally sinks for these elements. The increase in Mg
below this may relate to Mg aragonite to calcite
reprecipitation.

[18] Core KC-7 was obtained at 1215 m water
depth southwest of the other two in an area of
widespread extensional faulting and in an extensive
but heterogeneous patch of bubble emissions, black

sulfidic sediment, small carbonate concretions, and
microbial mats. Comparison of the MSCL profiles
of KC-7 and Interface core KI-07 obtained from
the same location showed that approximately the top
1-1.3 m of KC-7 was missing. Further, the shal-
lowest samples (10 cm intervals for the first 100 cm)
are far removed from bottom water values for many
components and, when combined with the extensive
gas expansion voids observed in the core (a cumu-
lative 1.3 m), corroborates that the core top was lost
on recovery. The pore fluid composition is distinct
from KC-2 and KC-5 primarily in that the SMI is
closer to the sediment surface (even after correction
for core loss) and it exhibits a much greater level
of freshening with depth reaching 70% of bottom
water value at 950 cm. Ca, Mg, and Sr are consumed
in the SMRZ which is presumably 1 to 1.5 m thick at
this site. Less reactive components such as K and
Na fall on a mixing line between bottom water and
the brackish end-member proposed earlier. The
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steepening of the CI, Na, and K gradient, compared
to KC-2 and 5, suggests a greater aqueous flux, yet
insufficient to impart curvature to the profile over
the range of the core depth as seen at core KC-30
from the Tekirdag site.

3.1.3. Central Basin

[19] Core KC-13 and VT-2742 were collected
within the Central Basin (Figure 2¢) at a water depth
of 1250 m near the southern inner bounding fault
scarp. Gas blanking was evident in subbottom pro-
files at site VT-2742 and seeps observed at the fault
scarp [Zitter et al., 2008], but neither was observed
at site KC-13 located east along the same fault.
KC-13 exhibits chemical profiles that are nearly
indistinguishable from KC-2 and KC-5 in the
Cmarck Basin with minor exceptions: a vertical B
profile at seawater values, a ~50 cm deeper SMI
with a less pronounced Mg minimum at the SMI,
and significantly higher Ba concentrations below
the SMI. KC-19 was taken at the eastern end of the
Central Basin at a depth of 1170 m where one
active fault branch connected to the MMF on the
central high reaches the edge of the basin. Small
precipitation structures, visible venting, and exten-
sive biological activity were seen here during the
Marnaut and previous cruises. Downcore freshen-
ing is similar to other cores taken at fluid emission
sites but is only observed below 4 m depth. KC-19
also may show signs of deeper silicate diagenetic
reactions. The concentrations of Na and K, often
diagnostic of silicate weathering, fall below the
mixing line between bottom water and Lake
Marmara water and are thus depleted.

3.2. Ridge Sites

[20] Cores KC-14, KC-26, KC-27, and KC-33
were collected on the Western High where it is cut by
the MMF and KC-20 was taken south of the MMF
on the eastern section of the Central High, between
the Kumburgaz and Cinarck Basins (Figures 2d
and 2e). While the basin pore fluids appear to have
a common source of Pleistocene Lake Marmara
water that has been modified to various degrees by
microbial and diagenetic processes, the chemical
composition of the ridge site pore fluids suggests
they are also influenced by gas hydrate formation
and decomposition near the seafloor as well as deep
sourced fluids possibly associated with natural gas
reservoirs. Most notable in this respect is the
occurrence of gas hydrate in some of the cores col-
lected on the Western High and the observance of

oil seeping from the sediment in this area. At a depth
of 660 m and a temperature of 14.5°C, these hydrates
are well outside the stability field of methane
hydrates. Analysis of the hydrates confirmed the
presence of higher hydrocarbons at concentrations
that allow the formation of hydrates at the in situ P,
T conditions [Bourry et al., 2009]. No evidence of
gas hydrates was observed at any other site in the
Sea of Marmara in spite of ample evidence of gas.
Presumably, this is because the gas sampled at the
other sites is mostly methane, with less than 1% of
other hydrocarbons, and only the deepest parts of
the basins reach the upper boundary of the methane
hydrate stability field [Bourry et al., 2009].

[21] KC-20 was the only core recovered on the
Central High and was taken in an area where
acoustics indicated gas in sediments and the water
column. It was located south of the trace of the MMF
across the high separating the Kumburgaz and
Cmarck Basins at a water depth of 335 m, the
shallowest of the Marnaut cores. The core exhibits
a shallow SMI of 150 cm and associated Ca
minima and sulfide maxima (Figure 2d). Signifi-
cant freshening occurs with depth, comparable to
KC-7 in the Cinarck Basin. These two observa-
tions suggest a moderate level of advective flow.
The profiles of all chemical components in this
core do not fall on a mixing line between bottom
water and Lake Marmara water but rather K, B, Li,
Mg, and Na fall significantly below (depleted)
(Figure 5) and Ca, Sr, and Ba increase with depth
(Figure 2d). This is consistent with silicate mineral
diagenesis.

[22] Cores KC-14, KC-26, KC-27, and KC-33
were collected on the Western High at 660 m
where the MMF cuts across it from the Central
Basin to the Tekirdag Basin. KC-26 was taken in
the fault valley and the other cores on two mounds
located north of the fault (Figure 6). Marmara-VT
core VT-2741 was taken ~3 km south of the MMF
and 7 km WSW of the mounds and is included for
reference. The mound site produced a large bubble
plume visible on the high-frequency acoustics [Géli
et al., 2008] and there was also an oil slick on the
surface waters visible during multiple visits. The
mounds have a high sonar backscatter in a wide
frequency range (at least 35-200 kHz) and chirp
profiles through the mounds suggested that they
were small mud volcanoes which formed along a
NE-SW anticlinal ridge north of the MMF (P. Henry
and the Marnaut Scientific Party, Marnaut expedi-
tion cruise report, 85 pp., 2007, available at http://
www.cdf.u-3mrs.fr/~henry/marmara/marnaut_
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Figure 5. Chloride crossplots showing proposed effects of silicate mineral diagenesis. Lines are mixing line between
Marmara bottom water and Lake Marmara water. lons that plot below the lines are depleted and those above are
increased in pore waters. This pattern is consistent with typical silicate diagenetic process.

public/marnaut final reports). No mud breccia was
found in the cores, however, which instead appeared
formed of hemipelagic sediment bearing several
authigenic carbonate layers in the first 2.5 m, as
well as barite. Although earlier stages may have
involved mud extrusion, there is no evidence for

current activity. The northern mound is circular,
150 m diameter, with a depressed center and irreg-
ular rim. The southern mound is similar in size and
shape with a breach in its NE wall. This site thus
appears as chemoherms formed on long-lived fluid
conduits. These structures appear quite similar to the
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Figure 6. Detail map of the hydrate and carbonate
mound site. Inset is AUV high-resolution microbathy-
metry from the 2009 Marmara-DM cruise. The mounds
are significantly offset from the Main Marmara Fault
(MMF) which is easily traced in the bathymetry. Coring
site locations from Marnaut and Marmara-VT are
shown.

larger fluid escape mounds observed on the Costa
Rica margin [Klaucke et al., 2008]. Thus, they are
suspected to be partly caused by the accumulation of
subsurface methane-derived authigenic carbonate
and partly by subsurface accumulation of gas
hydrates [e.g., Hoviand and Svensen,2006]. Bottom
surveys with the Nautile submersible revealed
extensive bubble streams and globules of oil coming
from the sediment in many places. One of the main
bubble fields was on the top of the northern mound,
located 700 m north of the MMF trace, and core
KC-14 was taken nearby. On the southeast and south
slopes of the mound, two sites of fluid expulsion
were seen where the flow appeared to be focused
through outlets <1 m across exhibiting flow of dense
water, as evident from the downslope pattern of flow
channels and white barite precipitate (Figure 7).
Core KC-33 was taken as close to these outlets
as our navigation allowed. KC-27 was taken at
the second mound, 400 m to the southwest, which
appeared to be somewhat less active based on biol-
ogy and bubbles. KC-27 and KC-33 contained
hydrates and all but 1 m of 33 was lost to degassing.
The recovered meter of KC-33 appeared to be the
core top but we cannot be certain of this. Regardless,
its composition is comparable to the deepest part of
KC-14 and this is useful in the overall character-
ization of the fluids at this site. KC-27 remained
intact and we successfully extracted the fluids.

[23] Core KC-26 from the fault valley has essen-
tially the same chemical profiles of all elements as
the background core VT-2741 and the non-seep

basin cores KC-17, VT-2737, and VT-2742. The
composition of KC-14, KC-27, and K-33 are highly
altered from that seen at other sites and is likely a
result of multiple sources and processes that will be
discussed in section 4.

4. Discussion

4.1. Flow Rates

[24] Freshening due to mixing with buried brackish
water from the Marmara Lake is observed at all
sites except at one location of the Western High
were fluids having a salinity higher than seawater
are expelled. Even at locations with no fluid flow
through the seafloor, the change in water salinity
after the reconnection with the Mediterranean Sea
14.7 kyrs BP [Vidal et al., 2010] is expected to
cause a freshening gradient within the sediment.
For a chloride diffusion coefficient in the sediment
of 10~° m%/s, the chlorinity gradient at the seafloor
in a pure diffusion model is 13.5 mM/m [Zitter
et al., 2008]. Taking into account uncertainties in
diffusion coefficients, on the timing of the salini-
zation, on true depth, and on the salinity of the end-
member fluid, any gradient deviating by more than
+5 mM/m from this value in the first 10 m below the
seafloor almost certainly indicates fluid movement
with respect to the seafloor. Furthermore, profile
curvature at the 10 m scale indicates vigorous
advection at rates in the mm/yr range or more. It
follows that coring sites can be classified between
sites with no net water outflow or downflow (KC-2,
KC-5, KC-13, KC-17, KC-26, VT-2737, VT-
2741, VT-2742), sites with local outflow on the
order a mm/yr (KC-7, KC-19, KC-20, KC-26,
KC-31, VT-2740) where the gradient of chlorinity
is increased, and one site where upward fluid
velocity can be estimated from the shape of the
profile (KC-30). Fluid velocity is determined to be
10 to 15 mm/yr for this core by fitting data below
2 m depth with a steady state advection-diffusion
model [e.g., Martin et al., 1996]. Fluids expelled
though the carbonate mound have higher chlorinity
than seawater. In core KC-27, the curvature of the
chlorinity profile above the depth at which gas
hydrates were sampled indicates upward fluid flow
at a velocity of about 20 mm/yr. In core KC-14,
advection rate is too low to cause significant cur-
vature, and no hydrate was found. Subsurface fluid
flow is a complex process and flow rates are both
spatially and temporally heterogeneous [e.g., Tryon
et al.,2002] so these rates should not be extrapolated
to the scale of the mounds but may be indicative of
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Figure 7. Seep site near KC-33 showing downslope flow pattern of dense fluids (down is to the right in the photo).
White material is barite precipitate, black ring is sulfidic sediment, and white halo outside that is microbial mat.

the order of magnitude of flow in these locations.
Overall, these results are comparable with typical
rates in areas of faulting in marine sedimentary
environments such as convergent and passive mar-
gins [e.g., Luffet al.,2004; Torres et al.,2002; Tryon
et al., 2002; Tryon and Brown, 2004].

4.2. Fluid Sources

[25] Sources of pore fluids in the Sea of Marmara
are significantly different than in typical ocean basin
or margin environments. The continental setting
replaces igneous oceanic basement with primarily
metamorphic rocks of sedimentary origin and its

recent period as a lacustrine environment adds
fresh water to the sources. The mix of bottom
water, Lake Marmara brackish water, and deep
sources associated with the fault zone and/or gas
reservoirs can be overprinted with silicate and
carbonate diagenetic processes and, at the mound
site, removal of water during gas hydrate forma-
tion. These multiple sources and processes cause
the genesis of some of these fluids and their initial
compositions to be not readily determined. Some
general observations and interpretations can, how-
ever, be made which can bracket the sources and
processes involved.
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[26] Major ion concentrations at most sites in the Sea
of Marmara can be modeled from the mixing of two
components. The basin core pore fluids are domi-
nated by simple mixing of a present-day bottom
water upper end-member with a brackish, low-
density Lake Marmara end-member that is advect-
ing buoyantly and/or diffusing from a relatively
shallow depth. This mix is overprinted by shallow
redox reactions and carbonate precipitation that
consumes methane, sulfate, Ca, Mg, and Sr, and
produces carbonates and sulfides. Some traces of
low-temperature silicate diagenesis are also present
as well as traces of thermogenic gas but, in general,
no deep source fluid is apparent in the basin and
basin margin cores.

[27] The most altered fluids sampled at core KC-20
on the Central High are compatible with mixing of
60% seawater and 40% brackish water with an
overprinting of local low-temperature silicate dia-
genesis. The profiles of K, B, Li, Mg, and Na fall
significantly below the mixing line between sea-
water and Lake Marmara water, consistent with low-
temperature silicate mineral diagenesis (Figure 5).
Ca-bearing silicate minerals such as plagioclase
feldspar are common components of basin sediment
in continental environments and these weather to
form a variety of authigenic clay minerals such as
kaolinite. A large number of different weathering
reactions are possible depending on the abun-
dance of different silicate minerals and available
cations but all ultimately consume cations such as
K, B, Li, Mg, and Na and release Ca [e.g., Gieskes
and Lawrence, 1981; Martin et al., 1996]. Ca, Sr,
and Ba increase with depth (Figure 2d). Ba and Sr
are common elements in sedimentary rocks and
would be expected to be released. The weathering
of K feldspar and mica contribute Ba and Sr to pore
fluids and the dissolution of biobarite and recrys-
tallization of calcite below the SMI may also be
involved in the increase in these elements. Gas
collected on dive 1664 near this site was analyzed
and found to be primarily methane with a thermo-
genic origin [Bourry et al., 2009] suggesting the
possibility that there may be an additional deep
source of fluids. Silicate diagenetic processes at this
source or as a result of fluid-rock interaction during
gouge formation in the MMF zone may contribute
to the observed composition.

[28] The three mound cores exhibit the most over-
whelming evidence for deep-sourced fluids and
deep processes including, most notably, thermo-
genic gas and oil. One method for estimating the

source temperature and depth is the use of geo-
thermometers. In a recent review of available
geothermometers, those based on Na-K and silica
appeared as the most reliable, at least for crustal
hydrothermal systems [Verma et al., 2008]. Li-Mg
and Li-Na geothermometers have been proposed
for sedimentary basin fluids, notably these asso-
ciated with oil [Kharaka and Mariner, 1989].
Application of these geothermometers to fluid
expelled through deep-sea mud volcanoes also
yielded consistent results [e.g., Martin et al., 1996].
When applied to fluids from KC-27 and KC-14,
geothermometers based on Na-K [Fournier, 1979]
yield temperatures of 118°C and 138°C, respec-
tively, and on Na-K-Ca [Fournier and Truesdell,
1973] yield temperatures of 136°C and 154°C,
respectively. When applied to the Li-rich fluids
sampled at the oil seep site, the Li-Na geotherm-
ometer of Kharaka and Mariner [Kharaka and
Mariner, 1989] yields temperatures of 122°C and
132°C, almost identical to the Na-K geotherm-
ometer; however, the Li-Mg geothermometer
[Kharaka and Mariner, 1989] results in 76°C-78°C
for both cores. Silica geothermometers merely
indicate near equilibrium with chalcedony at in situ
temperature. The results for KC-27 are consistently
10°C-20°C lower than KC-14 suggesting a greater
overprinting of low-temperature silicate diagenetic
reactions at the former site. Overall the geotherm-
ometer analysis indicates that the fluid expelled
at the hydrocarbon seeps reacted with the sediment
within the 75°C-150°C temperature range. This
maximum source temperature inferred for the fluids
also corresponds to the upper limit of the seis-
mogenic zone, assumed to occur 100°C-150°C
[Hyndman et al., 1997].

[29] In contrast to the other Marmara sites, the
Western High mound fluids are brines of up to
twice seawater concentration. The formation of
hydrates surely drives this brine formation to some
extent. For example, all components of the short
core, KC-33, fall on a mixing line between pure
water and a highly altered end-member nearly
identical to the KC-14 end-member. Since this core
had large amounts of gas hydrate, the composition
is surely a result of water removal during hydrate
formation and/or dissociation during core recovery.
Cores KC-14 and KC-27 have nearly identical
concentrations of K, Mg, and Li at their lowest
depth, but differ by a factor of two in Ca and Sr
concentration and by a factor of 1.3—-1.4 in Cl and
Na, precluding a sole gas hydrate cause for their
concentrations. Halite dissolution from a buried
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evaporite can also be ruled out as the brine source
as the Na/Cl ratio would approach 1 rather than
the observed trend lower to 0.6. A potential deep
source for fluids at this site is the water associated
with the reservoir from which the gas and oil is
seeping. Oilfield waters are known to have strong
enrichments of a variety of elements and often form
brines [Collins, 1975]. Analysis of the gas and
hydrate at the mound site suggests that the gas
source is the same as that of the Kuzey Marmara
gas field [Bourry et al., 2009] which is located on a
NE trending anticline that appears to be a contin-
uation of the Sea of Marmara Western High. The
source rock for this field is the Eocene Hamitabat
Formation which consists of sandstone, shale, and
conglomerate and the reservoir rock is the lime-
stone Sogucak Formation [Hosgormez and Yalcin,
2005]. At the Kuzey Marmara field the Hamitabat
formation is absent and the reservoir lies uncon-
formably over the metamorphic basement which
consists primarily of metamorphosed sedimentary
rocks. Overlying formations consist primarily of
shale, sandstone, siltstone, claystone, and conglom-
erates, and minor amounts of tuffite and is typically
1200-1500 m thick at the anticline crest [Hosgormez
and Yalcin, 2005].

[30] While downcore increases in Ca and Sr and
decreases in B, K, and Na are compatible with low-
temperature silicate diagenetic processes, the unusu-
ally high Li concentrations are incompatible with a
low-temperature diagenetic process. Li concentra-
tions in the mound cores reach 1100 M, a factor
of nearly 40 greater than bottom water, while all
other Marmara cores exhibit lower Li concentrations
downcore. As a general rule, low-temperature dia-
genetic processes tend to take up Li while high-
temperature processes release Li [You and Gieskes,
2001]. For example high Li is a common occur-
rence in fluids from oceanic high-temperature
hydrothermal vents (300°C—400°C) in which sea-
water reacts with basaltic crust [e.g., von Damm,
1990]. High Li concentrations have also been
observed in the deepest oil reservoirs of the Gulf
of Mexico Basin [Macpherson, 1989]. Macpherson
points out that such concentrations cannot be
explained by mineral diagenesis or salt dissolution
and must result from metamorphic processes
occurring much deeper. High Li concentrations
are also a common occurrence associated with the
dehydration of smectite clays; however, these are
nearly always also associated with low chlorinities
and high B concentrations [e.g., You et al., 1993]
while, in our case, we have high chlorinities and

lessening B concentrations downcore and an end-
member B/Li molar ratio of 0.1-0.4. As pointed out
by Tryon et al. [2010], B/Li molar ratios of less
than 1 are extremely rare in marine sedimentary
environments and are almost always associated with
interaction with igneous rocks. In the continental
environment, fluid-rock interactions with pegmatite
veins in the metamorphic basement could also pro-
duce such fluid compositions; however, these are
unknown in our Sea of Marmara study area.

[31] One possibility for a brine producing process
that also produces fluids both high in Li and low
in B is serpentinization. The serpentinization of
ultramafic rocks takes up water and thus leaves a
residual brine. Boron is also strongly taken up and
Li leached from the rock during serpentinization
[Agranier et al., 2007; Lee et al., 2008; Snyder
et al., 2005; Vils et al., 2008]. This is indeed
what is observed in deep boreholes in oceanic
crust [ Expedition 309 and 312 Scientists, 2006]. A
potential source formation in the Marmara area
is the IntraPontide suture zone. This accretionary
complex is made up of serpentinized peridotites
and igneous rocks, blueschist, radiolarian chert,
and limestone [Okay and Tiiysiiz, 1999]. The
Thrace Basin, presumably a fore-arc basin, was
deposited over this complex and, in its northern
part, on continental crust [Goriir and Okay, 1996].
The western NAF roughly follows this suture zone;
however, it is not known how this relationship
continues beneath the Sea of Marmara. It is gener-
ally thought to intersect the Sea of Marmara in the
east at the southern extension of the NAF, south of
the Armutlu Peninsula, and in the west at the Ganos
Fault [Okay and Tiiysiiz, 1999]. The suture may be
offset from the southern NAF to the northern NAF
(MMF) along the N-S trending West Black Sea
Fault, a Cretaceous transform plate boundary, that
intersects the Sea of Marmara in the north at the
Central High. Thus, the MMF may cut this suture
zone at depth at the Western High. We envision a
deep hydrothermal system within the NAF and
IntraPontide suture zone that feeds residual brines
along fault zone conduits to overlying formations
where it is further modified by mixing and dia-
genetic reactions to ultimately exit at the mounds.

[32] An intriguing additional related possibility
exists for a source rock for the suggested serpen-
tinization: an upper mantle sliver at depth in the
transform fault, (e.g., as has also been suggested for
the San Andreas Fault [Ozacar and Zandt, 2009]).
Preliminary reports of He isotopic compositions of
>1.0 Ra at Marmara fluid seeps [Burnard and
Bourlange, 2008] also suggest that fluids origi-
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Figure 8. Plot of CI versus Na for the mound site
cores. KC-14 exhibits a simple mixing line between
seawater and a brine end-member; KC-27 composition
indicates a similar mixing of seawater and brine, over-
printed by water removal during hydrate formation;
and KC-33 falls on a mixing line between pure water
and the brine indicating both removal of water by
hydrate formation and addition of water during hydrate
dissociation during core recovery and processing.

nating from subcrustal depths are expelled at the
Marmara seafloor.

[33] Regardless of its source, a third fluid is, there-
fore, required to model the major ion composition of
the fluids at the mound sites, KC-14, KC-27, and
KC-33. There was no evidence of hydrate in core
KC-14 and its end-member composition intersects
the KC-33 hydrate water removal line, so this
intersection is our best model for a brine end-
member (Figure 8). Chloride is the only element that
is assumed conservative in this analysis. There is no
evidence for Lake Marmara brackish water at theses
sites; however, its presence would be difficult to
resolve in a hydrate environment given its similarity
to pure water. The composition of the fluid sampled
at the southern mound hydrate site (KC-27) would
correspond approximately to the composition of the
brine source if up to 25%—-30% of the water flowing
through is taken up by local hydrate formation. In
this model, however, the initial K, Mg, and Li con-
centrations at the southern mound would be about
45% lower and Ca, Sr, and Ba about 25% higher
than at the northern mound prior to hydrate forma-
tion. The proximity of the two sites virtually assures
that they have a common deep source; therefore,
differences in composition must be attributable to

shallower, local effects such as low-temperature
diagenetic reactions. Preliminary high-resolution
3-D seismic images from the 2009 Marmara-DM
cruise suggest that the fluid conduits for the two
mounds are separate to at least the depth of our
resolution, about 250-300 m. Even at flow rates of
up to 10 times that modeled from the KC-27 profile,
fluid transit times in the conduits would be at least
a thousand years, allowing time for significantly
different fluid evolutions. These results, combined
with the geothermometer results, suggest a much
greater level of low-temperature silicate diagenesis
at the southern mound.

[34] The sites exhibiting the clearest evidence for a
deep aqueous fluid source are also sites of ther-
mogenic gas expulsion [see Bourry et al., 2009]
and are located on anticlinal ridges, which can pre-
sumably act as fluid traps. Furthermore, the two
carbonate and hydrate mounds are located some
distance form the fault zone (350 and 700 m away
along the ridge axis) and thus are probably outside of
the damage zone of the main strike-slip fault. Our
hypothesis to explain this is that the bulk of the
fluids originate from the anticlinal traps rather than
the fault zone itself. These traps probably extend
several kilometers along the anticlines but may not
be continuous. Where the anticline is breached by
the fault, the interaction of MMF induced fractures
and extensional fractures associated with the anti-
cline allow fluids to escape. Much of the driving
force of the fluid expulsion is gas and oil buoyancy
and this will tend to exit at local highs, while the
MMF on the Western High lies in a valley. Ulti-
mately fluid outlet sites are controlled by a combi-
nation of local topography, fracture locations, and
driving forces.

[35] In summary, the fluid samples collected during
Marnaut suggest that part of the water expelled along
the MMF at the ridges comes from at least thermo-
genic oil and gas generation depths. Anomalous He
isotopic compositions [Burnard and Bourlange,
2008] and the low B/Li molar ratio brines are, so
far, the main evidence that fluids originating from
seismogenic or greater depths are expelled at the
seafloor. Our samples also confirm that the fluids
expelled along seafloor fault ruptures in the basins
mostly originate at a shallow level in Pleistocene
lacustrine sediments [Zitter et al., 2008].

4.3. Factors Influencing the SMI

[36] Three cores taken at various locations away
from fluid emission sites in the Cinarck and Central
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Basin display nearly ideal linear sulfate profiles
down to the SMI at 2.5 m depth, consistent with a
simple diffusion-reaction model [e.g., Halbach et al.,
2004]. Sulfate concentration gradient is 11 mM/m
in these cores. Considering that the tracer diffusion
of sulfate in sediment is about half that of chloride
[Iversen and Jorgensen, 1993] at about 1.5 m*/yr
for a sediment porosity of 70% and a temperature of
14°C, sulfate consumption, and hence methane flux,
is estimated to 120 mmol.m 2.yr ', in agreement
with earlier estimates from the Sea of Marmara
[Cagatay et al., 2004],

[37] It is a remarkable paradox that, at several sites
where the presence of free gas in the sediment is
inferred from geophysical and/or visual observa-
tions (e.g., KC-17, VT-2737 and VT-2740 in
Tekirdag Basin, KC-19 and VT-2742 in the Central
Basin, KC-26 on the western high), the SMI lies at a
deeper level than in the reference cores. Overall, a
relationship can be drawn between a sharp down-
ward decrease of sulfate concentration above the
SMI (gradient generally exceeds the 11 mM/m
background value) and the depth at which chloride
decreases below the 595 mM threshold. This rela-
tionship between sulfate concentration and chloride,
a presumably conservative element, is puzzling. In
fact, most of the chloride profiles near fluid emission
sites are nearly constant to some depth within the
sediment (typically 1 to 5 m) and start decreasing (or
increasing in the case of cores KC-27 and KC-14)
at the SMI or just above it. These profiles cannot
be modeled with pore water advection-diffusion
models unless some penetration of seawater in the
sediment is considered. Various processes can, in
principle, account for this observation: salinity
driven convection [Henry et al., 1992], bioirrigation
[Wallmann et al., 1997], episodic methane emission
[Tryon et al., 1999], eddy mixing in the wake of gas
bubbles [Haeckel et al., 2007]. All these processes
require effective permeabilities in the upper few
meters of sediment that would be considered atypi-
cal for clay rich sediments. However, one can
hypothesize that wherever streams of small (1-5 mm
diameter) bubbles are seen escaping through the
seafloor, mm size conduits are present to some
unknown depth in the sediment and influence water
and chemical fluxes. As the primary objective of
this manuscript is to identify fluid sources and dia-
genetic reactions, we save further discussion of
fluxes through the seafloor for future work. We here
merely point out that variations of the sulfate gra-
dient with depth in the sediment may be caused by a
steady state pore water irrigation process, rather than

by migration of the SMI after an earthquake, as
hypothesized by Halbach et al. [2004].

5. Summary and Conclusion

[38] Fluids expelled along the submerged western
extension of the North Anatolian Fault Zone appear
to be a mix of sources that have both separately and
together undergone varying degrees of alteration by
silicate and carbonate diagenetic processes and by
gas hydrate formation. Major ion concentrations at
most sites in the Sea of Marmara can be modeled
from the mixing of up to three components: sea-
water, brackish water, and a hypothetical brine
source extrapolated from core KC-14 pore fluid
composition.

[39] The seeps in the southeastern Cinarck Basin
are associated with distributed extension and expel
fluids of primarily Pleistocene Lake Marmara and
present-day seawater origin from relatively shallow
depths. A small fraction of higher hydrocarbons
suggests some contribution from a deeper source.
Highly focused flow of Lake Marmara brackish
water is observed both in the southeastern Tekirdag
Basin on the MMF and the eastern Central Basin at
a fault branching point. All basin fluid composi-
tions are overprinted to varying extent with local
shallow redox reactions, carbonate precipitation,
and barite dissolution. Basin consolidation and
buoyancy drives low-density fluids into permeable
turbidite layers and then laterally updip to basin
bounding faults where they rise to be expelled at
the surface. Site KC-19 at the NE edge of the
central basin, KC-20 on the Central High, and, to
a lesser extent KC-26 in the fault valley on the
Western High are influenced by silicate diagenesis,
but there is insufficient evidence to discriminate the
contributions of shallower and deeper sources.

[40] At the Western High hydrate and carbonate
mounds fluid composition is much more influenced
by interaction with silicate minerals, suggesting
a component of oil/gas reservoir or deeper brine
is entrained with the oil and gas expulsion. The
presence of oil and thermogenic gas, as well as
results from geothermometers, suggests this fluid
reacted with the rock in the 75°C-150°C temper-
ature range. Low-temperature silicate diagenetic
processes are also indicated, modifying the deep
sourced fluids. In addition, formation and dissoci-
ation of gas hydrates near the seafloor (and disso-
ciation during core recovery) drives compositional
changes through water removal or addition One
puzzling characteristics of the brine expelled at

19 of 22



&k Geochemistry _ 7
~  Geophysics !
: | Geosystems 0

TRYON ET AL.: PORE FLUID CHEMISTRY OF SEA OF MARMARA

10.1029/2010GC003177

this site is its very high lithium concentration and
low B/Li ratio. This is atypical for fluids reacting
with sediments during diagenesis, but could in
theory be explained by interaction with mantle rocks.
Such an explanation could be compatible with the
geological context of the North Anatolian Fault in
the Sea of Marmara. The nature of the interaction
between the oil system and the fault is, however,
a largely unsolved question. Hypothetically, the
fracturing associated with strike-slip faulting may
enhance fluid escape from oil reservoir and source
rocks. Conversely, the crustal faults may provide
fluids from even greater depths, and thus influence
the composition of the reservoir fluids, and of the
fluids expelled at the seafloor. More extensive
exploration and coring along the anticline crests
would help resolve this.

[41] While extensive research has been ongoing for
nearly 20 years on fluid and gas seeps associated
with subduction zone faults, submerged plate
boundary transform faults present a new venue
for such research. Our work here has shown that
these environments can be hydrologically active
and their fluid sources can be varied. The diversity of
tectonic structures and fluid sources combined with
a high level of tectonic activity with a long histor-
ical record makes the Sea of Marmara an exciting
new locality for exploring the relationships between
faulting, seismic activity and hydrogeology.
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