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Fluids venting from the submarine portion of the Marmara Main Fault (part of the North Anatolian

Fault system, Turkey) were sampled in Ti bottles deployed by submersible. The fluids consist of

mixtures of fault derived gases, fault related cold seep fluids, and ambient seawater; these components

can readily be distinguished using the isotopes of He and the He/Ne ratios. 3He/4He ratios range

are sampled by the fault. The dominant gas in all the samples analyzed is methane with the abundance

of CO2 below detection (r2%) in the mantle rich (high 3He/4He) fluids. This is in contrast to nearly all

mantle derived fluids where the C species are dominated by CO2. While high CH4/CO2 ratios may reflect

organic or inorganic reactions within the crust which reduce mantle derived CO2 to methane, this is not

a priori necessary: we show that simple dilution of mantle fluids with methane produced within local

sediments could result in the high 3He/4He, methane rich gases currently emanating from the fault. This

observation is supported by an anticorrelation between 3He/4He and C/3He, which is consistent with

addition of C and 4He simultaneously to the fluids.

The highest 3He/4He ratios were found in the Tekirdag Basin, at the foot of the escarpment

bordering the Western Sea of Marmara, where seismic data are consistent with the presence of a fault

network at depth which could provide conduits permitting deep-seated fluids to rise to the surface. The

lack of recent volcanism, or any evidence of underlying magmatism in the area, along with low

temperature fluids, strongly suggests that the 3He-rich helium in these fluids was derived from the

mantle itself with the Marmara Main Fault providing a high permeability conduit from the mantle to

the surface. Assuming that the mantle source to the fluids originally had a 3He/4He ratio of 6 Ra, the

minimum fluid velocities (considering only vertical transport and no mixing with parentless 4He)

implied by the high 3He/4He ratios are of the order of 1–100 mm yr�1.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since Kennedy et al. (1997) demonstrated that mantle derived
He emanates from the San Andreas Fault, the He isotopic
composition of fault-related fluids of numerous different faults
has shown that volatiles escape the mantle via crustal pathways
(faults) to the surface. This in turn implies the existence of high
permeability passages that cross both the mantle–crust boundary
and the ductile lower crust. The isotopes of He are ideally suited
All rights reserved.

ard).
for tracing these mantle derived fluids at the Earth’s surface due
to two fortunate circumstances: firstly, the mantle retains iso-
topically distinct primordial He and, secondly, He concentrations
in surface waters are extremely low (He is not retained in the
atmosphere and is insoluble in aqueous fluids). As a result, trace
inputs of He from the deep earth can readily be identified at the
surface, and the source of this He (mantle or crust) can be
identified from He isotope measurements.

Frequently, release of mantle He is associated with magma-
tism and it seems logical that the mantle must melt in order to
liberate He (diffusion through solid mantle being too slow to
account for the observed fluxes). Escape of mantle-derived He in
zones of extension that do not have any obvious association with
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active volcanism is well known (Brauer et al., 2009; Crossey et al.,
2009; Kennedy and Van Soest, 2007; Kulongoski et al., 2005;
Oxburgh and O’Nions, 1987). These areas (The Eger Rift, Hungary,
The Basin and Range province, USA, the Morongo Groundwater
Basin, USA, The Pannonian Basin, Hungary) are characterized by
high heat flow, thin crust and possible magmatism at depth
(‘underplating’) hence it is not surprising that mantle He perco-
lates to the surface.

The presence of mantle He in regions of active compression not
associated with magmatism is less common and more difficult to
reconcile with fluid (He) transfer between mantle and shallow crust.
Regions of compression/strike-slip faulting are not associated with
thinned crust (frequently the reverse) or with heat flow anomalies
which might indicate recent underplating by mantle melts. Thus it is
difficult to understand how the mantle underlying the fault liberates
He (and presumably other volatiles), or how the released volatiles
traverse several kms of ductile lower crust. Nevertheless, Z50% of
the He along some sections of the San Andreas Fault (SAF), of the
Niigata–Kobe tectonic zone and of the North Anatolian Fault is
derived from the mantle (Gulec and Hilton, 2006; Gulec et al., 2002;
Kennedy et al., 1997; Mutlu et al., 2008; Umeda et al., 2008).
Occurrences of such high fractions of mantle He along these faults
are in general limited to restricted sections of fault and that, for the
most part, these faults are characterized by significantly lower
proportions of mantle He (typically 10–20%) in contrast to the more
studied higher 3He/4He localities.

The presence of mantle fluids in faults could also have
implications for the faults themselves: the lack of a thermal
anomaly on these strike-slip faults is suggestive of low frictional
strength (Lachenbruch and Sass, 1980; Zoback and Beroza, 1993)
which is inconsistent with the thermomechanical properties of the
fault materials. The effective shear stress required for fault slip can
be greatly reduced by the presence of high pressure pore fluids. It
has been hypothesized that mantle derived fluids could provide a
mechanism for weakening strike slip faults (Iio et al., 2002;
Kennedy et al., 1997), although calculations suggest the mantle
cannot provide sufficient volatiles (Faulkner and Rutter, 2001).

Frequent fluid emissions have been observed on the seafloor of
the Sea of Marmara (Géli et al., 2008) closely related to the
location of the Marmara Main Fault (MMF), the western extension
of the North Anatolian Fault. Thus, the MMF presents an ideal
location to study the nature of fault related fluids. Here, we report
new data on helium isotopes and concentrations in fluids
sampled from the Sea of Marmara. Combined with previous work
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Fig. 1. Sample locations on a bathymetric map of the northern section of the Sea of Ma

report 3He/4He ratios up to 4.8 Ra.
(Dogan et al., 2009; Gulec and Hilton, 2006; Gulec et al., 2002;
Mutlu et al., 2008), the present study provides new insights on
the origin of mantle helium in the Western Marmara area.

1.1. Marmara geology and previous work on the NAF

The North Anatolian Fault (NAF) zone in Northern Turkey is a
major transform plate boundary that has produced devastating
historical earthquakes along its 1200 km length (Ambraseys and
Jackson, 2000; Barka, 1992; Sengör et al., 2005). West of Bolu the
fault divides into two main strands, the most active being the
northern branch between the Gulf of _Izmit and S-arköy (Sea of
Marmara). The Sea of Marmara is composed of 1000 m deep basins
(from east to west: the C- inarcik Basin, the Central Basin and the
Tekirdag Basin), separated by two bathymetric highs orientated
NE–SW, the Central and Western highs (Fig. 1). Free gas emissions
in the Sea of Marmara are common and appear to be influenced by
earthquake occurrence (Kuscu et al., 2005). In deeper parts, gas
emissions are commonly observed along or near active faults
(Armijo et al., 2005; Géli et al., 2008; Zitter et al., 2008). Chemical
analysis indicates that the gas is mainly methane, and has two
different origins: (1) biogenic in the C- inarc-ik Basin origin, and (2)
thermogenic in the Western and Central Highs, probably originat-
ing from Thrace Basin (Bourry et al., 2009).

On the western slope of the Tekirdag Basin (Fig. 1), numerous
densely spaced acoustic anomalies were observed rising from the
sea bottom (Géli et al., 2008). Based on Ocean Bottom Seism-
ometer (OBS) recordings, clusters of microseismicity were also
documented below the western slope of the Tekirdag Basin,
suggesting that tectonic strain contributes to maintaining high
permeability in fault zones and that the fault network may
provide conduits for deep-seated fluids to rise up to the seafloor
(Tary et al., 2011). Both observations support the hypothesis that
gas is probably leaking from Thrace Basin reservoirs into the Sea
of Marmara, following conduits along faults, active or inactive.

The Thrace basin is an active gas and oil-producing province in
Western Turkey, with well-studied geology (Perincek, 1991;
Siyako and Huvaz, 2007; Turgut and Eseller, 2000), geophysics
(Goncuoglu et al., 2000; Huvaz et al., 2007) and geochemistry
(Coskun, 1997, 2000; Gürgey, 2009; Gürgey et al., 2005;
Hos-görmez et al., 2005; S-en et al., 2009). The Late Cretaceous–
Early Eocene Tethysian evolution of Western Turkey is related to
subduction, ophiolite obduction and collision (Okay et al., 2001;
Sengör and Yilmaz, 1981). Two major characteristics are of
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relevance here: (1) the western NAF roughly follows the Intra-
Pontide suture zone and (2) the NAF within the Sea of Marmara
cross-cuts hydrocarbon gas reservoirs from the Thrace Basin gas
province.

1.1.1. Helium and carbon in fault-associated fluids from western

Turkey

Helium isotopes measured in geothermal emissions from the
subaerial NAF in western Turkey show a wide range, from radio-
genic (3He/4He¼0.05 Ra) to mantle-like (de Leeuw et al., 2010;
Dogan et al., 2009; Gulec and Hilton, 2006; Gulec et al., 2002;
Mutlu et al., 2008). However, the highest ratios (45 Ra) are
closely associated with active or recent volcanism mostly in
eastern Anatolia and likely reflect magmatic inputs (Gulec and
Hilton, 2006). There are elevated 3He/4He ratios in western and
central Anatolia (e.g. at Tuzla, 3He/4He¼1.4 Ra), which are also
associated with volcanic activity (Mutlu et al., 2008). As such,
these mantle-like He isotopic compositions are probably not
fault-related fluids per se.

At the western extremity of the NAF, i.e. between 321W and
the Sea of Marmara, the range of 3He/4He is more limited;
3He/4He ratios fall between 0.3 and �1 Ra. While some mantle
He is present in these fault-associated fluids, this is never greater
than �20%. However, there are two localities which have higher
mantle contributions (Mudurnu and the Tekirdag/Sarkoy region)
(de Leeuw et al., 2010; Dogan et al., 2009; Gulec and Hilton, 2006;
Gulec et al., 2002; Mutlu et al., 2008), described below.

Mudurnu, an 80 m deep well located south of the main NAF
trace (see Dogan et al. (2009) for location), had 3He/4He¼4.8 Ra
prior to 1995 (Ercan et al., 1995) but which fell to a value of 2.8 Ra
in 2009. Fluid samples from the Gazikoy–Saros Fault (the on-land
trace of the Marmara Main Fault) contained ca. 70% mantle He
Table 1
Sample locations and descriptions.

Sample Name Region Comment

1645-2 Terkidag basin Jack the smoker (incorrectly

1645-3 Terkidag basin Jack the smoker (incorrectly

1647-5 Terkidag basin Boris’ Bubblers (see text for

1647-6-1 Terkidag basin Boris’ Bubblers (see text for

1647-6-2-b Terkidag basin Boris’ Bubblers (see text for

1647-7-b Terkidag basin Ambient seawater in the vi

1649-5 Central Basin Bubbling vent in black mat

1649-6-b Wedge of central basin Bubbles escaping sedimente

1649-7-a Wedge of central basin Bubbles escaping sedimente

1650-2 Central Basin Fluid from a small black ch

1650-2-a Central Basin Fluid from a small black ch

1650-3 Central Basin Fluid from a small black ch

1651-6-A E of Kumburgaz Basin Black patch with bacterial m

1653-5-a S Slope Cinarcik Basin Black patch close to a carbo

1653-6-a S Slope Cinarcik Basin Large black patch

1653-7-a S Slope Cinarcik Basin Large black patch

1653-8-a S Slope Cinarcik Basin Large black patch

1654-4-a N Scarp Cinarcik Basin Black patch

1655-c4 Central Basin Bubbles within a push core

1658-c2 Cinarcik Basin Bubbles within a push core

1659-1 Cinarcik Basin Bubbles escaping black mat

1659-2 Cinarcik Basin Bubbles escaping black mat

1659-3 S Slope Cinarcik Basin Bubble stream

1659-4-a S Slope Cinarcik Basin Bubble stream

1662-2-1 Western High Bubbling stream above carb

1662-2-2 Western High Bubbling stream above carb

1662-c1 Western High Bubbles within a push core

1662-c2 Western High Bubbles within a push core

1664-2 Cinarcik Basin Inverted-funnel gas sample

(cm-sized) chimneys

1664-3 bis 1 Cinarcik Basin Bubbling stream above carb

1664-4-1 bis Central High Bubbling stream above carb

a These two samples were not given sufficient time to aspirate the fluids into the
(3He/4He¼4.8 Ra) (Dogan et al., 2009), this despite the fact that
there is no significant associated recent volcanism in the region
that could provide a potential magmatic source for the high
3He/4He ratios (Pe-Piper and Piper, 2007).

Carbon isotope compositions and C/3He ratios indicate that
the C accompanying this He is predominantly of crustal origin
(de Leeuw et al., 2010; Dogan et al., 2009; Gulec et al., 2002). In
general, the ‘‘carrier gas’’ for mantle He is CO2, and C/3He ratios of
mantle fluids are relatively constant at 2�109 (750%) (Marty
and Jambon, 1987). C/3He ratios in western Anatolia vary from
mantle-like ratios to values much (105 times) higher, a feature
commonly observed in hydrothermal fluids not directly related to
volcanic activity (e.g. Japan, Western USA, Italy) (Gherardi et al.,
2005; Kennedy and Van Soest, 2007; Umeda et al., 2007b). These
elevated C/3He ratios result from a combination of phase separa-
tion and addition of C from the crust (by dissolution of carbonates
or degradation of organic C) (de Leeuw et al., 2010; Gulec and
Hilton, 2006).
2. Sample descriptions

A total of 31 fluid (gasþseawater) samples from the Sea of
Marmara were analyzed, 26 from within basins and 5 from
topographic highs; Sampling locations are shown in Fig. 1, and
their locations and descriptions are provided in Table 1.

The majority of samples targeted fluid emission sites that had
previously been identified using acoustic techniques (Géli et al.,
2008). In some locations, active fluid activity was identified via
streams of methane bubbles rising from the seafloor. More
commonly, fluid presence was indicated by black reduced sedi-
ments and microbial mats on the sea floor with only minor or
(more commonly) without visible fluid flow. One exceptional site,
Lat Long

deployed)a N40148.197 E27137.800

deployed)a N40148.197 E27137.799

description) N40150.046 E27130.206

description) N40150.046 E27130.206

description) N40150.046 E27130.206

cinity of Boris’ Bubblers N40150.046 E27130.206

N40149.936 E27156.044

d sea floor N40149.529 E27156.032

d sea floor N40149.529 E27156.032

imney in the center of a black patch N40151.488 E2819.529

imney in the center of a black patch N40151.488 E2819.529

imney in the center of a black patch N40151.488 E2819.529

at N40152.093 E28.35.028

nate crust N40142.300 E2919.360
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N40149.063 E27146.829
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of gas streaming from small N40151.710 E28146.006

onated chimney N40151.710 E28135.006

onated chimney N40151.611 E28134.979

Ti bottle.
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known as ‘‘Boris’ Bubblers’’, (‘‘BB’’, after Boris Natal’in, the
discoverer; Fig. 1) had several vigorous bubble streams emanating
from the intersection of the two faults. One of these is a NE-
trending splay of the Ganos Thrust which probably represents the
Intra-Pontide suture. This fault is cut by an E–W-trending dextral
fault which is a splay of the North Anatolian fault. From a cluster
of shallow (o7 km depth) microseismicity Tary et al. (2011)
identified predominantly normal movement in the immediate
vicinity of BB on a fault oriented NW–SE; the fault orientation and
mechanism can be correlated with a series of normal on-land
faults in the Ganos mountains (Okay et al., 1999). BB is located on
the northern wall of the dextral fault. Methane bubble streams
are emitted from tectonically controlled tension gashes, asso-
ciated with dextral displacement along the E–W fault cutting the
late Cretaceous–Paleocene Intra-Pontide suture.

None of the fluid emission sites was associated with a
temperature anomaly: fluid temperatures were in the range
1471 1C, consistent with previous work in the region (Zitter
et al., 2008).
3. Sampling and analytical methods

All fluids analyzed in this study were sampled from the seafloor
using specially constructed samplers. The sampler consisted of a Ti
bottle of ca. 200 cc capacity connected to a capillary tube (0.5 mm
diameter) via a vacuum valve. On board ship (o12 h prior to
sampling) the bottle was evacuated to o10�3 mbar; the samplers
Table 2
Gas contents and noble gas compositions.

Sample name P SC 4He 3He/4He
(mbar) (mol�10�6) (mol�10�12) (Ra)

1645-2 78.5 13.3 1070.4 170.1

1645-3 36 – 0.7370.03 170.3

1647-5 904 271 753729 4.370.2

1647-6-1 1366 416 125317479 4.470.6

1647-6-2-b 721 214 23.770.5 4.670.2

1647-7-b 43.8 2.4 9.770.2 1.0270.04

1649-5 27 – 1.9370.07 1.270.2

1649-6-b 33 – 0.8870.02 0.9470.03

1649-7-a 33 – 1.8970.04 0.9670.04

1650-2 82 14 8.970.3 170.1

1650-2-a 82 14 5.970.1 0.9970.04

1650-3 51.32 4.8 15.770.6 1.1670.08

1651-6-A 27.5 – 2.8370.07 1.0870.04

1653-5-a 31 – 0.870.02 0.9370.03

1653-6-a 31.5 – 1.6170.03 0.9570.03

1653-7-a 30.5 – 0.8370.02 0.8970.03

1653-8-a 28.4 – 1.3470.03 0.0370.01

1654-4-a 29 – 2.7170.06 1.0970.04

1655-c4 564.5 165 531720 0.9570.06

1658-c2 1000 301 1033740 1.0270.05

1659-1 160 39 1070.4 0.870.3

1659-2 96.46 19 1370.5 0.8770.09

1659-3 44 – 7.570.2 0.9670.03

1659-4-a 46.8 – 7.370.2 0.9770.03

1662-2-1 1181 358 24879 0.0770.03

1662-2-2 1333 405 271710 0.0570.04

1662-c1 1005 303 1840770 0.970.1

1662-c2 705 209 1308750 1.0870.06

1664-2 1236 375 1686764 0.2870.05

1664-3 bis 1 1409 429 12763474883 0.4170.01

1664-4-1 bis 1279 388 1609762 0.4370.05

*3He/4He corrected for atmospheric contribution following Sano and Wakita (1985); Sam

ratio.
a 3He concentrations are those in the (water dominated) fluid sampled by the Ti b
b C/3He ratios are for the gases that degassed from the Ti bottle sampler (see text f

seawater.
retained this vacuum until deployed on the seafloor. Then, once
positioned above the site on the seafloor, fluid was aspirated into
the Ti bottle (through the capillary tube) by the vacuum in the
bottle. The bottle contents remained at seafloor pressure (the
valve was sufficient to seal the bottle). Temperature sensors
recorded the temperature adjacent to the capillary tube. Four Ti
bottles were available per Nautile dive.

Once on board, the contents of the Ti bottle were immediately
degassed by transferring the mixture of gases and gas-saturated
seawater into an evacuated (o10�5 mbar) volume of �2000 cm3

following Jean-Baptiste et al. (1991). Care was taken to ensure
that all air was pumped out of transfer pipes between the Ti tube
and the expansion volume. After ca. 15 min, the liquid had
completely degassed (via the fine jet by which it entered the
expansion volume); compressing large bellows on the expansion
volume concentrated the sample by a factor of 4. The headspace
gases were sealed in four copper pinch-off tubes providing
4 replicates of the gases dissolved in each Ti bottle sample of
seawater. The pressure in the Cu tubes at the time of sampling is
noted in Table 2.

The copper tubes were returned to the Noble Gas Laboratory at
CRPG, Nancy. The tubes were opened under vacuum and the gas
samples purified using hot and cold Ti sponge getters and
separated from the heavy noble gases using liquid nitrogen cooled
activated charcoal. The remaining He and Ne were expanded into
a Helix SFT Multicollector noble gas mass spectrometer for He and
Ne analysis. Blanks were negligible compared to the samples. The
system was calibrated with respect to an air standard which
4He/20Ne 3He/4He* [3He]a C/3Heb
�109

(Ra) (mol g�1
�10�12)

0.470.03 – 0.5870.06 9467134

0.9170.07 1.070.3 0.0970.03 –

1.870.1 4.970.4 1671 6077

10277 4.470.7 180725 571

4176 4.670.7 0.6770.03 14027152

0.3370.05 – 1.0070.04 174719

1.770.1 1.270.2 0.3870.05 –

0.3570.03 – 0.11170.004 –

0.2370.01 – 0.2470.01 –

0.2970.02 – 0.4770.06 11517179

0.3370.02 – 0.3270.01 17547193

0.3170.02 – 1.670.1 187723

0.3970.06 – 0.4970.02 –

0.3270.02 – 0.1170.00 –

0.2370.02 – 0.2170.01 –

0.7170.06 0.8170.07 0.1170.00 –

0.2670.02 – 0.0170.00 –

0.4570.06 1.2470.18 0.4570.02 –

0.2570.02 – 4.070.3 234729

0.2570.02 – 4.770.3 204724

0.7570.05 0.6470.21 0.2170.07 345771182

0.3570.02 – 0.5270.06 11917176

0.2470.03 – 0.7370.03 –

0.2170.03 – 0.6770.03 –

9.570.7 0.0470.02 0.0670.03 1472176259

2572 0.0470.03 0.0570.03 21364715419

0.1370.01 – 7.170.9 131721

0.6770.05 1.1470.10 8.970.6 106713

4573 0.2870.05 1.770.3 5677114

3487229 0.4170.27 16379 671

193721 0.4370.07 2.470.3 401766

ples with a ‘‘–’’ are too contaminated with air to calculate an air-corrected 3He/4He

ottle sampler.

or detail). Samples with a ‘‘–’’ did not contain any gas in excess of air dissolved in
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delivered 7.37�10–12 mol 4He and 2.56�10–11 mol 20Ne. Uncer-
tainties (1 sigma) are calculated by quadratic propagation of
measurement errors, uncertainties in blanks and the uncertainty
of at least ten standards intercalated with samples.

The major gas composition (total carbon species) of one copper
tube sampled at BB was analyzed in the Stable Isotope Laboratory
of CRPG.
Fig. 2. He isotope and 4He/20Ne ratio for fluids associated with faulting in the Sea

of Marmara. The wide range in He isotopic compositions and in He/Ne ratios can

be explained in terms of mixing between 3 sources of helium: atmospheric,

mantle-derived and radiogenic He produced in the crust. Illustrative mixing

curves are shown for mixing with different geological fluid endmembers, fluid

1 being a pure mantle endmember (3He/4He¼6 Ra) (Gautheron and Moreira,

2002; Moreira et al., 1998); fluids 2 and 3 are mantle/crustal fluid mixtures with

70% and 20% mantle He contributions respectively ((3He/4He)fluid2¼4.9 Ra, corre-

sponding to the source of BB fluids; see text for further details); fluid 4 is a pure

crustal fluid with 3He/4He¼0.01 Ra. With the exception of one analysis (1653-8-a)

all the data can be explained by mixing between these fluids (some of the He/Ne

variation may also be due to fluid–gas fractionation during bubble formation on

the seafloor (Holzner et al., 2008)). The composition of 1653-8-a is thought to be

an analytical artifact resulting from a Cu pinch off tube that was incorrectly sealed

such that He escaped from the tube but not Ne (tests on Cu pinch of tubes have

confirmed this as a potential mechanism).
4. Results

4.1. Helium concentrations and isotopes

The He isotope data along with He/Ne ratios and tube
pressures are reported in Table 2; He concentrations reported in
Table 2 are their concentrations in the fluids as sampled by the Ti
bottles (i.e. seawater and excess gases). The C/He ratios in the Cu
tubes (which contain only the gases that were exsolved from the
Ti bottles) can be calculated by converting the pressure within
the Cu tube into moles as the volumes of the Cu tubes are known.
The pressures measured were corrected for the contribution of
dissolved and excess atmospheric noble gases in seawater
(890736 mmol L�1 (Tanaka and Watanabe, 2007) and for the
partial vapor pressure of water (23.3 mbar at 20 1C); some
samples do not contain resolvable additional gases. For the
samples recording pressures over and above the seawater
gasþvapor pressure of water (¼36.177.8 mbar), the C/3He ratios
are given in Table 2. C/3He ratios are calculated assuming that the
gas phase is entirely composed of CH4, consistent with analyses of
Marmara Sea fluids although the major gas composition was not
measured in all the fluids. However, uncertainties in the major
fluid composition are unlikely to significantly affect the C/3He
ratios calculated this way considering that the fluids are domi-
nated by either CH4 or CO2.

A significant number of samples (17 samples representing 10
different locations; Fig. 2; Table 2) have 3He/4He ratios close to
1 Ra and low He/Ne. The helium trapped in these samples is
indistinguishable from atmospheric He, i.e. either pure seawater
noble gases were sampled or else atmospheric contamination
overwhelmed the sample He. There is no evidence for solid-earth
He (mantle or crustal) in these low He/Ne samples. Of the samples
that do contain solid-earth He (14 samples) all but two (1653-8
and 1662-2, Western High) contain identifiable mantle He inputs,
for the most part about 20% of the He is of mantle origin.
However, the samples from Boris’ Bubblers (Dive 1647) are
clearly different with 3He/4He ratios of 4.3–4.6 Ra which implies
that ca. 70% of the He originated in the mantle. There is no readily
discernable gradient or geographic pattern in 3He/4He along
the MMF.
4.2. Major gas compositions

The major gas composition is available for four sites, 1659,
1662, 1664 (Bourry et al., 2009) and 1647 (on a Cu tube; this
study). All the gases essentially consist of methane with trace
amounts of CO2 and C2þC3 hydrocarbons.
4.3. C/3He ratios

The C/3He ratios calculated from the pressure of gas degassed
from the Ti bottle samples (see above; Table 2) are in the 1�109–
2�1013 range, consistent with previously recorded C/3He ratios
along the NAF (de Leeuw et al., 2010; Dogan et al., 2009; Mutlu
et al., 2008).
5. Discussion

We clearly identify the presence of He from the mantle in the
majority of the high He/Ne samples (Fig. 2). For the most part,
MMF fluids contain �20% mantle He. It seems likely that this
‘‘background’’ mantle He signature results from a porous MOHO
allowing leakage of mantle He into the crust. The fact that the
contribution of mantle derived He is geographically homogeneous
with no apparent trend along the fault suggests that the process
accounting for mantle He in these fluids has a long wavelength
(4500 km). A ‘‘leaky MOHO’’ possibly resulting from the trans-
tensional regime of the Sea of Marmara and its surroundings
(Sengör et al., 2005) would be consistent with the geographically
homogeneous He isotope distribution. By contrast, discrete intru-
sions created by underplating (which could also result in a 3He
flux) would result in a more heterogeneous He isotope distribu-
tion along the MMF and NAF, and would result in high heat flows
(which are not observed in this area). This is consistent with
similar observations in extensional regimes (Kennedy and Van
Soest, 2007; Kulongoski et al., 2005), where a leaky MOHO is
thought to be the origin of a mantle He flux to the surface.

The sample from the Western High, 1662-2, is the only sample
where mantle 3He is certainly absent. Pore fluids from this
location have exceptionally high Li concentrations, probably from
high temperature water rock interactions (Tryon et al., 2010).
Plausibly, the radiogenic He coupled with elevated Li at this
location is the result of alteration of basement rocks.

The extremely active site of Boris’ Bubblers is clearly different:
up to 70% mantle He was found in the BB samples (Fluid 2 in
Fig. 2). Similar quantities of mantle-derived He have been
observed on the nearby on-land Gazikoy–Saros Fault (Tekirdag)



Fig. 3. Evolution of the 3He/4He ratio of a fossil pluton over time. The model

assumes that a mantle-derived intrusion is placed in the crust over time. Blue¼

gabbroic intrusion, green¼ultramafic intrusion. (UþTh)/3He of lower crustal

gabbros from (Moreira et al., 2003).(UþTh)/3He of ultramafic intrusions is not

directly known (there are few or no analyses of U, Th and He on the same samples)

so we combine the He data of Matsumoto et al. (2001) and the U, Th data of

Malaviarachchi et al. (2010). However, we note that 3He concentrations of

peridotites may not be representative as noble gas geochemists select He-rich

samples (most rich in fluid and/or melt inclusions) for analysis and UþTh analyses

do not take into account trace phases (zircon, apatite, interstitial glass). For the

above reasons, it seems more likely that a real system is best represented by the

lower bound of the green shaded area and may even fall below this curve.

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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by Dogan et al. (2009), essentially from the onshore equivalent of
the splay fault where Boris’ Bubblers is situated (Fig. 1). A major
source of mantle He is required to account for these He isotope
compositions. Unlike other locations on the NAF where mantle-
like He is found, it is highly unlikely that the mantle He found in
MMF and Gazikoy–Saros Fault fluids is produced from present-
day magmatic activity: there is no active volcanism in the region
of the Sea of Marmara, and the most recent volcanic activity in
Thrace and Anatolia is limited to small volume, rare, Pliocene
alkali basalt lavas (Pe-Piper and Piper, 2007), the closest to the
fault lying 35 km to the NW. The fact that this He is not derived
from active magmatism is further supported by the low tempera-
tures of the vent fluids: these are not hydrothermal systems
associated with recent intrusion of hot magma. This contrasts
with the observations of Gulec et al. (2002) along subaerial
portions of the NAF which show a close association between
extent of mantle He contribution and the age of tectono-mag-
matic activity in much higher enthalpy fluids.

In summary, the He found at BB and Tekirdag is derived either
directly from the mantle via high permeability pathways through
the lower crust or else there is a crustal reservoir of ‘fossil’ He that
is fortuitously sampled by the fault fluids. These possibilities are
discussed in turn below.

5.1. A ‘fossil’ He source

Sources of ‘fossil’ He consist of mantle He that has been
transferred into the crust and stored under high 3He/(UþTh)
conditions, thereby creating a reservoir in the crust which pre-
serves its initial 3He/4He ratio. Ancient magmatism which could
have mobilized He from the mantle was then trapped by sub-
sequent crystallization in the crust.

It is possible to model the evolution of 3He/4He in a ‘fossil’
intrusion (Fig. 3). However, constraining UþTh/3He is not
straightforward, as this depends on the nature of the intrusion
and few pertinent data are available. UþTh/3He data are available
for differentiated (gabbroic) crustal intrusions which could be
considered as potential analogs for differentiated crust (Moreira
et al., 2003). However, these intrusions are enriched in UþTh and
depleted in 3He, therefore 3He/4He rapidly falls to values lower
than those found at Boris’ Bubblers, and cannot be considered as
potential candidates for a ‘‘fossil’’ He supply for BB fluids (Fig. 3).
By contrast, there is a lack of suitable data on ultramafic intru-
sions (which are more likely to preserve high 3He/4He ratios);
literature values for the average 3He concentrations (Matsumoto
et al., 2001) combined with UþTh concentrations (in a separate
publication (Malaviarachchi et al., 2010)) from the Horroman
Ophiolite complex, (see Fig. 3 caption) suggest that UþTh decay
will reduce 3He/4He ratios in this type of rock to values lower
than those of BB on a �10 Ma timescale. Thus it is not possible to
exclude a ‘fossil’ origin for the He found at BB, i.e. He trapped in
an ultramafic complex within the crust below the Sea of Marmara
that may have been remobilised by the fault. Nevertheless, ‘fossil’
He seems an unlikely source of the high 3He/4He found at BB:
first, the limited amount of He in such a reservoir could only
supply He for very short periods; secondly there is no known
candidate intrusion in the immediate vicinity; and thirdly, there
is no suitable mechanism for extracting significant amounts of He
from cold crystallized rocks.

An alternative source of fossil, high 3He/4He helium, could be
CO2 reservoirs containing mantle derived 3He. An example has
been reported from the southwestern USA (Gilfillan et al., 2009;
Holland and Ballentine, 2006; Sherwood Lollar et al., 1997), which
likely represents the volatiles degassed from magmas and which
were subsequently trapped in impermeable traps. Such a reser-
voir, if intersected by the MMF, could also provide a source of
high 3He/4He ‘fossil’ He. While difficult to completely exclude this
possibility, it nevertheless seems an unlikely source of the MMF
He as there are no documented CO2 reservoirs in the world with
3He/4He44 Ra.
5.2. Direct injection of mantle He into the MMF

A high permeability connection to the mantle seems the most
plausible explanation for the non-radiogenic He sampled along
the MMF. The subcontinental lithospheric mantle (SCLM) is
generally characterized by 3He/4He slightly more radiogenic than
that of the asthenospheric mantle (Gautheron and Moreira,
2002): 6 Ra is used here as the mantle source of these fluids.

Lower 3He/4He ratios measured in MMF fluids than those of
the mantle are the result of (a) mixing with 4He-rich crustal fluids
and (b) ‘aging’ of the fluid during transit through the crust, where
decay of U and Th in the (permeable) host rock adds 4He to
mantle-derived He. In the latter case, the change in 3He/4He ratio
is a function of the U, Th content of the host lithology, of the
efficiency of extracting this 4He into the fluid and the time
required to transit the crust. The general equation for transport
of diluted isotopes considering only the vertical dimension and
neglecting dispersion can be expressed at steady-state as
(Johnson and DePaolo, 1997)

v
drf

dz
¼

J

Cf
ðrc�rf Þ

where v is the average fluid velocity (mm yr�1), rf and rc are
3He/4He ratios in the fluid and the crust, J is the ‘‘reaction flux’’,
the mass of He delivered to a unit volume fluid per unit time
(mol m�3 yr�1). Cf is the initial concentration of 4He in the fluid



P. Burnard et al. / Earth and Planetary Science Letters 341–344 (2012) 68–7874
(mol m�3) which is calculated from the following equation:

Cf ¼
½
3He�f

rf

where [3He]f is the final 3He concentration in the fluid, i.e. that
was measured at the surface. Solving this equation between the
surface (with the measured isotope ratio rm) and the crust–
mantle boundary (mantle isotope ratio rM) and assuming that,
relative to rM, rc is negligible (�0.02 Ra (Ballentine and Burnard,
2002; Oxburgh and O’Nions, 1987)) yields

1

rm
�

1

rM
¼

JH

v½3He�f

where H is the vertical crustal thickness traversed by the fluid.
The concentration of 3He in the fluid is assumed to be conserva-
tive (no gains and no losses) and is known from the analyses of
fault fluids. J can be expressed as a function of the crustal 4He
production rate, P4He, normalized to a unit mass of rock (P4He

units are mol kg�1 yr�1):

J¼
P4Herc

Vf =Vc

In this formulation, the ratio Vf/Vc is the ratio of the volume of
fluid receiving the reaction products (4He) from the volume of
rock Vc contributing its 4He. The maximum possible value of this
ratio is that of the rock porosity f. rc is the crust density.

In Fig. 4, we estimate the average fluid flow velocity within the
fault to be between 1 and 100 mm yr�1 for BB, with flow rates 10
times faster than those calculated for other sites along the NAF
(e.g. 1664-3¼10–1000 mm yr�1) because, although these fluids
have lower 3He/4He ratios than BB fluids, they are also character-
ized by lower He concentrations (Table 2) and are therefore more
sensitive to 4He ingrowth. The flow rates estimated for the MMF
are comparable to those of the San Andreas Fault (1–10 mm yr�1

(Kennedy et al., 1997)). Fluid flow rates in both instances may be
Fig. 4. Flow rate as a function of porosity for the range in [UþTh] likely for fluids

traversing the crust in the MMF, calculated for the fluids emanating from Boris’

Bubblers. Blue: flow rates for [U]crust¼0.25 ppm; green: flow rates for

[U]crust¼2.5 ppm (Th/U¼4 for both cases) (Ballentine and Burnard, 2002). The

connected network porosity available for fluid flow (the porosity relevant here) is

difficult to constrain, depending on the wetting properties of the fluids as well as

the rock fabric; we modeled fluid velocities for porosities ranging between 0.001

and 0.01 (Hyndman and Shearer, 1989).
faster than those calculated here as mixing of crustal fluids may
have further lowered the 3He/4He ratio.

For a fluid flow rate of 1–100 mm yr�1 with 3He concentra-
tions of E5�10–13 mol g�1 fluid for BB, the implied 3He flux
through the MMF is of the order 10–15–10�13 mol 3He mm�2 of
fault yr�1. Given the likely crustal thickness in this region is of the
order 25 km (Becel et al., 2010), fluid residence times of 0.25–
25 Ma are implied. At the slow end, the implied residence times
are longer than the age of the fault itself (o5 Ma (Armijo et al.,
2005; Sengör et al., 2005)). However, the fluid migration path-
ways are not necessarily related to the present-day fault geome-
try therefore slow fluid migration remains a plausible hypothesis:
prior to initiation of the NAF, the Marmara region was character-
ized by a large shear zone, inherited from the Intra-Pontide Suture
Zone, called the ‘North Anatolian Shear Zone’ (Sengör et al., 2005).
Faults within the pre-existing shear zone, which was transten-
sional here (Sengör et al., 2005) could thus have provided path-
ways for migration of mantle He bearing fluids.
5.3. Amagmatic extraction of He from the solid mantle

While the flow rates calculated above can account for how
mantle-derived He can traverse the crust, the problem remains on
how He can be transferred from the mantle into a fluid phase: a
mechanism that releases He from the solid mantle is required.

Simple diffusion of He from peridotite with typical bulk
mantle 3He concentrations into the fault is unlikely to be
sufficiently rapid to maintain the flux of mantle He estimated
above. The characteristic He diffusion lengthscale (¼O(Dt)) at
800 1C is of the order 1 mm yr�1 (DHe¼2�10�9 cm2 s�1 (Shuster
et al., 2004); other estimates of DHe are even slower (Trull and
Kurz, 1993)); given a likely mantle 3He concentration of
E9�108 atoms g�1(Porcelli and Elliott, 2008), the implied diffu-
sion flux is �5�10–19 mol mm�2 of fault yr�1, at least three
orders of magnitude lower than the 3He flux calculated for BB.
Frictional heating during fault slip has a limited effect (e.g. O(Dt)
at 1200 1C �2 mm yr�1). Thus, either He is released from a larger
volume of mantle than that accessible via diffusion (e.g. by
alteration or by melting) and/or the mantle source has higher
3He concentrations than ‘average’ mantle. These possibilities are
investigated in turn below.

Serpentinising the overlying mantle wedge will liberate man-
tle He from the wedge without melting (Umeda et al., 2007a) but
requires a suitable source of hydrated material. Active subduction
did occur in this region before the earliest Eocene (Sengör and
Yilmaz, 1981). Although this slab could have been hydrating the
mantle in the region for some time since the Eocene, clearly this is
a different tectonic situation from arc situations where significant
quantities of recently subducted water are available for serpenti-
nisation. Serpentinisation was probably less important in releas-
ing mantle He in the Marmara area than in Japan, for example,
nevertheless serpentinisation cannot be completely excluded as a
potential mechanism for extracting mantle He.

Frictional melting in deep faults is well documented in ultramafic
massifs (Andersen and Austrheim, 2006; Souquiere and Fabbri,
2010; Ueda et al., 2008). From field observations of pseudotachylite,
Andersen and Austrheim (2006) estimate that 60 kg m�2 of perido-
tite can be melted during co-seismic displacement. Assuming 100%
melting, and that this melt completely degasses its He, then 60 kg of
molten mantle produces of the order 1�10–12 mol 3He m�2 of fault.
Thus if 3He was extracted by frictional melting (mantle 3He
concentration from above), then �103 slip events per year are
required to account for the 3He flux calculated for the MMF. This
seems one or two orders of magnitude too high to be a realistic He
extraction method.



Fig. 5. Predicted fluid He isotope ratios as a function of the partial molar CO2 content

ðXCO2=CH4
Þ during mixing between methane-rich basin fluids and a typical mantle

fluid. No consumption or production of either fluid is assumed. The endmember

compositions assumed for the model are (3He/4He)mantle¼6 Ra, ðXCO2
=XCH4

Þmantle ¼

0:999 and (3He/4He)crust¼0.02 Ra, ðXCO2
=XCH4

Þcrust ¼ 0:001. In this diagram, the

curvature of the mixing line, r, depends on the ratio (CH4/4He)mantle/(CH4/4He)crust

which is varied between 0.01 (blue, dashed) and 0.0025 (red, solid). The arrow shows

the 3He/4He composition analyzed for Boris’ Bubblers (4.9 Ra). Thus, an ‘r’ value of

0.01 would predict 4% mantle derived CO2 in the Boris’ Bubblers fluid while

‘r’¼0.0025 would have only 1% mantle derived CO2, consistent with the fluid

compositions. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Notwithstanding uncertainties in mantle 3He concentrations
and of the fault 3He flux, there are difficulties maintaining the
3He/4He ratios in the MMF via diffusive extraction, alteration of
the mantle or by melting during slip events.

One partial solution to the difficulty maintaining the fault He
flux could be that noble gases appear to be concentrated in
deformed regions of mantle. Kurz et al. (2009) show that
mylonitic zones at the crust–mantle boundary have He concen-
trations �10 times higher than ‘average’ mantle. Thus diffusion of
3He out of mylonitized mantle could account for a 3He flux of
E10�17 mol mm�2 yr�1, approaching the 3He fluxes observed on
the MMF and on the SAF. Mylonitised zones up to several kms
wide have been observed (Hekinian et al., 2000), and mylonite
zones are likely stable on the 108–109 year timescale (Evans et al.,
2001) suggesting there could be sufficient He accumulated in
mylonite zones to furnish faults with high 3He/4He helium. Long-
duration (1–5�108 yr) deformation in the mantle, such as pos-
sible along subduction zones, could produce noble gas enriched
zones which then supply the helium found in deep-rooted faults
such as the NAF and SAF.

5.4. Major gas compositions

The gases escaping the MMF consist of methane, even at BB
where �70% of the He is mantle derived. While reduced C species
in the mantle are known, these are restricted to subduction
environments where serpentinisation has increased f H2

(Song
et al., 2009); in general the dominant C species in mantle derived
fluids is CO2 or CO3

2� (Blundy et al., 1991; Dasgupta and
Hirschmann, 2006; Zhang and Duan, 2009). Thus it seems more
likely that the mantle injected CO2 into the fault and some
process or processes has either reduced the CO2 to methane
and/or added sufficient CH4 to mask the mantle CO2. The fluid
emitted from the mantle will be CO2-dominated with a CO2/3He
ratio of the order 2�109, a ratio which is likely to be applicable to
the SCLM (Fischer et al., 2009; Marty and Jambon, 1987).

Other localities also report high 3He/4He ratios in methane
dominated fluids, for example Fondachello, Sicily with 3He/4He¼
6–7 Ra (Caracausi et al., 2003) and Golygina (Kamchatka) with
3He/4He¼5.3 Ra (Taran, 2009) and both with 490% CH4. Fluids
emanating from the extensional Pannonian and Vienna basins
have a wide range of CO2/CH4 ratios with some methane rich
fluids that are associated with 3He/4He as high as 2.3 Ra
(Sherwood Lollar et al., 1997). These fluid compositions result
from CO2 loss (by dissolution in water and/or precipitation of
carbonate) combined with methane addition from within the
basin. Alternatively, CO2-bearing mantle fluids could be directly
reduced to CH4 either microbially (Greenbaum et al., 1995) or,
under specific conditions, inorganically via Fischer–Tropsch type
reactions (Foustoukos and Seyfried Jr, 2004; Holm and Charlou,
2001; McCollom and Seewald, 2006; Taran et al., 2007).

However, it is not necessary to invoke CO2-consuming reac-
tions to explain the MMF data: simple mixing between CO2

dominated mantle fluids and CH4 crustal fluids can generate the
range in 3He/4He–CH4/CO2 compositions analyzed here. Fig. 5
shows the likely compositions of mixtures of mantle fluids (CO2

dominated) and methane produced in a sedimentary basin;
mixing between these two fluids is highly probable in a situation
such as the Marmara Sea where fluids of mantle origin percolate
through young, organic rich sediments.

Thus it is possible to reproduce the compositions found along
the NAF (including the high 3He/4He, methane dominated fluids
found at BB) simply by mixing, provided (CH4/4He)mantle5

(CH4/4He)crust. (CH4/4He)mantle is low, between 0.1 and 0.2 (Javoy
and Pineau, 1991). Then CH4/4He of the basin fluid higher than
E100 would result in the appropriate ‘r’ value (Langmuir et al.,
1978) (see Fig. 5 caption). Typical natural gas accumulations have
CH4/4He ratios in the range of 600–8000 (Battani et al., 2000);
young sedimentary basins (such as the Sea of Marmara) will be
expected to be at the upper end of this range considering that the
CH4/4He ratio of the basin fluids will decrease with time as 4He is
produced by U-series decay. Finally, this is borne out by the high
CH4/4He ratios in sample 1662-2 (1.5�106; Table 2), consistent
with the C/He ratio of hydrocarbons generated from young
sedimentary basins (Prinzhofer et al., 2010).

The C/3He compositions of the three samples of Boris’ Bubblers
are highly variable (Fig. 6; Table 2). This 103 variation in C/He is
difficult to explain, given that the fluids were collected within a
short space of time (few hours) and short distances (o50 m) of
each other. Although this may be a sampling artifact (preferential
He loss from the Cu tubes), the heterogeneity could also be due to
shallow level advection of basin derived methane, or possibly due
to production or consumption of CH4 by microbial communities
living in the vents of Boris’ Bubblers.

Although we cannot exclude mechanisms where mantle CO2 is
consumed (bacterially or inorganically), these mechanisms are
not a priori necessary to explain the data (Fig. 5 caption). Dilution
of mantle-derived CO2 rich fluids by CH4 produced within the
basin further seems likely as C/3He ratios are roughly correlated
with the fluid’s 3He/4He (Fig. 6), demonstrating that the C (or
methane) rich endmember also carries 4He. It seems probable
therefore that mantle derived CO2 (with accompanying He)
percolated through the fault to shallow levels where it was
diluted by CH4 produced by thermal and bacterial degradation
of young, organic rich sediments in the Marmara Basin.

6.5. Potential for fault weakening by mantle-derived fluids

The NAF in Anatolia represents a weak heterogeneity in the
local lithosphere and is therefore a ‘‘weak’’ fault (Provost et al.,



Fig. 6. 3He/4He and C/3He relationship for Marmara fluids. The association of low
3He/4He ratios with high C/3He is consistent with addition of methane (probably

thermogenic in origin (Bourry et al., 2009) but with high C/He ratios, as would be

expected in a young sedimentary basin) to mantle derived gases. Mixing between

hypothetical endmembers that have the same mantle pole composition

(3He/4He¼6 Ra, C/3He¼2�109) but different basin fluid compositions are shown

(dashed line: 3He/4He¼0.01 Ra; C/3He¼1�1014: solid line: 3He/4He¼0.01 Ra,

C/3He¼1�1013). The poor correlation is expected as the basin-produced methane

likely has variable 4He content, depending on the age and UþTh content of the

source rocks.
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2003), as is the SAF (Lachenbruch and Sass, 1980). Similarly to the
SAF, the NAF GPS velocity field is best replicated using friction
coefficients of 0.05 (with an upper limit of 0.1); the fault would be
locked for friction coefficients 40.2. More recently, (Hergert and
Heidbach, 2010; Hergert et al., 2011) concluded that friction
coefficients of the order 0.05 would be consistent with measured
fault velocities in the region studied here. It seems most likely
that the major faults in the Sea of Marmara and vicinity are
likewise ‘‘weak’’.

High pressure fluids localized on the fault planes have been
invoked to reduce the effective shear stress required for slip
(Faulkner and Rutter, 2001; Hickman et al., 1995). Mantle derived
fluids – H2O and CO2 – potentially provide a mechanism for
weakening strike-slip faults. It seems unlikely, however, that
these could be responsible for fault weakening on the MMF. First,
even where mantle He has been identified (e.g. Boris’ Bubblers),
the majority of the fluid flux is methane (and presumably
entrained water) of shallow origin which cannot contribute to
fault lubrication within the crystalline crust. Secondly, it is
notable that the principal site of mantle He emanation along
the entire length of the NAF is the Boris’ Bubblers site where the
MMF is intersected by a normal fault (Tary et al., 2011) while
elsewhere along the NAF, high 3He/4He fluids are associated with
recent magmatic activity and therefore are probably not due to
fault-related fluids (Gulec et al., 2002). In addition, the BB location
falls on a fault intersection associated with higher permeability,
thereby increasing fluid advection along this part of the fault: this
location cannot be considered to be representative of fault
conditions for the MMF or NAF in general (Tary et al., 2011). A
similar observation can be made for the SAF: there is only a single
site on the SAF that has 450% mantle He (Mercey Hot Spring),
and this site is also associated with a splay fault. The Mercey Hot
Spring site is located on the Tesla–Ortigalita fault, a reactivated
extensional structure (Fuis and Mooney, 1990).
Thus it seems that although mantle He can be advected along
fault planes, this phenomenon is limited to very specific
strain situations and is not necessarily a general feature of
strike-slip faulting, an observation supported by analyses of He
isotopes in deep fluids from the San Andreas Fault Observatory at
Depth (SAFOD) drill core, where less than 5% of the helium at
depth originates from the mantle (Wiersberg and Erzinger, 2007).
Therefore it is difficult to invoke mantle fluids as rheology
modifiers during faulting in compressional environments.
6. Conclusions

Mantle derived He is clearly present in fluids emanating from
the Marmara Main Fault, accounting for between o5% and �70%
of the He. By contrast, the gases themselves are dominated by
CH4. Dilution of CO2-rich mantle fluids by CH4 generated in the
basin itself (which is likely to have very high CH4/4He ratios)
could account for the compositions observed: CO2 consuming
mechanisms are not needed to account for the data, although
such mechanisms cannot be excluded either. Nevertheless, mix-
ing between mantle derived and basin derived fluids has
occurred, resulting in a negative correlation between C/3He and
3He/4He in the fault fluids.

The highest 3He/4He ratios (highest mantle He contribution) is
found at the intersection between the MMF and a splay fault with
a normal component. It seems likely that the change in strain
regime (from predominantly compressive along the majority of
the MMF to strike slip with a normal component (Tary et al.,
2011)) determines the fault permeability.

It is possible to constrain the vertical fluid velocity within the
fault from the change in He isotope composition if the rate of 4He
production in the crust and the efficiency of transferring this He
into the fault itself are known (Kennedy et al., 1997). It is likely
that He in the fault has a vertical velocity of between 1 and
100 mm yr�1, corresponding to a 3He flux of the order 10�13–
10�15 mol mm�2 yr� 1. Melting induced by frictional heating
and/or serpentinisation are potential mechanisms for releasing
He from the solid mantle.
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