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To investigate the source of volatiles and their relationship to the San Andreas Fault System (SAFS), 18
groundwater samples were collected from wells near the Big Bend section of the SAFS in southern California
and analyzed for helium and carbon abundance and isotopes. Concentrations of “He, corrected for air-bubble
entrainment, vary from 4.15 to 62.7 (x10~8) cm® STP g~ ' H,0. *He/*He ratios vary from 0.09 to 3.52 R,
(where R, = air *He/*He), consistent with up to 44% mantle helium in samples. A subset of 10 samples was
analyzed for the major volatile phase (CO;) — the hypothesized carrier phase of the helium in the mantle-
crust system: CO,/>He ratios vary from 0.614 to 142 (x10'!), and 6'3C (CO,) values vary from —21.5 to
—11.9%. (vs. PDB).
3He/*He ratios and CO, concentrations are highest in the wells located in the Mil Potrero and Cuddy valleys
adjacent to the SAFS. The elevated *He/*He ratios are interpreted to be a consequence of a mantle volatile flux
though the SAFS diluted by radiogenic He produced in the crust. Samples with the highest *He/*He ratios also
had the lowest CO,/3He ratios. The combined helium isotope, He-CO, elemental relationships, and &'3C
(COy) values of the groundwater volatiles reveal a mixture of mantle and deep crustal (metamorphic) fluid
origins. The flux of fluids into the seismogenic zone at high hydrostatic pressure may cause fault rupture,
and transfer volatiles into the shallow crust.
We calculate an upward fluid flow rate of 147 mm a~" along the SAFS, up to 37 times higher than previous esti-
mates (Kennedy et al., 1997). However, using newly identified characteristics of the SAFS, we calculate a total flux
of 3He along the SAFS of 7.4x10° cm® STP a—' (0.33 mol *He a='), and a CO, flux of 1.5x 10" cm®STP a~!
(6.6x10% mol a='), ~1% of previous estimates. Lower fluxes along the Big Bend section of the SAFS suggest
that the flux of mantle volatiles alone is insufficient to cause the super hydrostatic pressure in the seismogenic
zone; however, results identify crustal (metamorphic) fluids as a major component of the CO, volatile budget,
which may represent the additional flux necessary for fault weakening pressure in the SAFS.

Published by Elsevier B.V.

Keywords:

San Andreas Fault System (SAFS)
Helium isotope

Groundwater

Big Bend section

Mantle volatile

Carbon dioxide flux

1. Introduction

The San Andreas Fault System (SAFS) in California is the most ac-
tive fault system in the continental USA. In the historical record, nu-
merous high-magnitude earthquakes have resulted in displacement
along the SAFS. In the central and southern sections, these include,
in chronological order, the Fort Tejon (M =7.9; 1857), Imperial Valley
(M=17.8; 1892; M=17.1; 1940), San Francisco (M =7.8; 1906), Loma
Prieta (M =6.9; 1989), Landers (Mojave) (M =7.3; 1992), Northridge
(M=6.7; 1993), Hector Mine (Mojave) (M=7.1; 1999), and Mexicali
(M=7.2; 2010) (U.S. Geological Survey, 2011) earthquakes. Nearly
30 million people live in close proximity to the SAFS and are at risk
from earthquake-related damage. Understanding the timing and
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mechanisms that lead to fault failure is essential for civil planning,
and for a deeper understanding of tectonic processes.

One explanation for weakness along the SAFS is the reduction of
the effective stress by fluid overpressure. Models that invoke elevated
fluid pressure for fault-weakening propose several different fluid
sources, including crustal metamorphic-derived and mantle-derived
fluids. Some crustal-fluid models suggest the infiltration of fluids
from the surrounding host rock, and subsequent compaction and
thermal expansion of sealed fault-zone materials (Sleep and
Blanpied, 1992; Byerlee, 1993) requiring that the base of the seismic
zone, the brittle-ductile transition, to be an impermeable boundary.
Others identify metamorphic alteration of the underlying Franciscan
formation and local limestone compaction as the fluid sources (Pili
et al., 2002, 2011) or combine mantle and crustal dehydration fluxes
(Faulkner and Rutter, 2001). In these cases, the recurrent overpres-
sure would require fluid recharge. The continuous mantle-fluid flux
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model explains the increased pore pressure as a result of a vertical
flux of deep crust or mantle fluids into the seismogenic zone
(Barnes et al., 1984; Bredehoeft and Ingebritsen, 1990; Rice, 1992;
Kennedy et al., 1997; Kharaka et al.,, 1999; Chiodini et al., 2011). The
investigation of exhumed faulted rocks, vein fillings, and fluid inclu-
sions (Pili et al, 2011) or fault-zone drill fluids (Wiersberg and
Erzinger, 2011) offer promising approaches for investigating the ori-
gin, evolution, and flowpaths of the fluids.

The study of helium in earthquake-prone regions is of particular
interest because helium isotope systematics in fluids is sensitive to
mixing between crustal and mantle end members. Indeed, helium,
when coupled with CO,, also can be used to quantify mixing between
crustal and mantle-derived volatiles in fluids, and to estimate mantle
He and CO, fluxes, as shown by Kennedy et al. (1997) for the SAFS. In
this vein, we report helium and CO, abundances and isotopic charac-
teristics of groundwater collected at wells adjacent or close to the Big
Bend section of the SAFS. Our aims are four-fold: (1) determine the
origin of fluids, and calculate the mixing proportions between crustal
and mantle volatile inputs, (2) estimate the absolute flux of CO, re-
leased to the surface via this section of the SAFS, (3) evaluate whether
observed fluxes are sufficient to sustain pore-fluid pressure in the
seismogenic zone at a level sufficient to cause fault weakening, and
(4) explain the heterogeneity in helium isotope values in wells
which are in close proximity to one another, as observed elsewhere
along the SAFS (e.g. Kennedy et al., 1997).

2. Cuddy Mil Potrero, and Cuyama valleys, California
2.1. Tectonic environment

The ~1300-km-long San Andreas Fault System (SAFS) delineates
the boundary between the North American and Pacific plates
(Wallace, 1990). It began forming ~30 Ma — following a shift from
subduction to transform motion, and the development of the
northward-migrating Mendocino Triple Junction (Wallace, 1990).
The relative motion between the North American and Pacific plates
along the transform boundary over the past 3 to 4 million years has
been estimated at ~50 mm a~ !, based on marine magnetic anomalies
(DeMets et al., 1987), with a N 35° W direction of dextral slip be-
tween the plates. Geologic offset and geodetic data for the SAFS, on
the other hand, suggest a slip rate between 7 and 43 mma !
(Stirling et al., 1996), with a mean value of ~35 mm a~! (Hill et al,,
1990), with the main fault trace striking N 65-70° W. This discrepan-
cy in direction and slip rates can be accounted for by extensional de-
formation of the western margin of the North American Plate at
10 mm a~!in a N 56° W direction (Hill et al., 1990).

The last major earthquake along the central section of the SAFS,
the 1857 Fort Tejon earthquake, resulted in a 300 km-long rupture
from the Cholame Valley to Wrightwood (Sieh, 1978). The maximum
fault displacement of ~9 m occurred in the Carrizo Plain section, with
less slip occurring to the north and south. Crustal deformation mea-
surements along the Carrizo Plain section of the SAFS indicate
30 mm a~ ! of right-lateral slip (Sieh, 1978).

The Cuyama, Mil Potrero, and Cuddy valleys lie within the
seismically-active SAFS which, in this region, is dominated by
northwest-trending, right lateral strike-slip faults. The Cuyama Valley
is bounded to the north by the Morales Fault and to the west and
south by the South Cuyama, Ozena, and Big Pine faults, all of which
are associated with the SAFS.

2.2. Hydrogeology of the study area

The study area includes the Cuyama Valley, and to the east along
the SAFS, the Mil Potrero and Cuddy valleys (Fig. 1). The primary
water-bearing formations are mainly unconfined and are composed
of younger (Holocene) and older (Pleistocene) alluvium (consisting

of alternating layers of sands, gravels, silts, and clays) (Mathany et
al., 2009). The study area is bounded on the west and south by the Si-
erra Madre Mountains, on the south by Mount Pinos, Cerro Noroeste,
and Sawmill Mountain, on the north by the Caliente Range and
Tecuya Ridge, and to the east by the Tehachapi Mountains. Altitudes
of land surface range from about 600 m in the Cuyama Valley to the
west, to about 2688 m at Sawmill Mountain to the southeast. The
groundwater basins are mostly Quaternary alluvial fill, while the sur-
rounding mountains are Mesozoic granites, volcanics and sedimenta-
ry units (Mathany et al., 2009).

3. Field and laboratory methods

Groundwater samples were collected from 18 wells in the
Cuyama, Cuddy, and Mil Potrero valleys of southern California
(Fig. 1), from August to December 2008, as part of the Priority Basins
Project of the Groundwater Ambient Monitoring and Assessment Pro-
gram (http://ca.water.usgs.gov/gama/). The wells included 10 public
supply wells, 5 domestic wells, and 3 irrigation wells with a median
well depth of ~100 m (Mathany et al., 2009). Dissolved gas (helium
and CO,) samples were collected in 3/8 inch-diameter copper tubes
(~35 cm long) using braided nylon tubing connected to a hose bib
at the wellhead. Groundwater was flushed through the tubing to dis-
lodge bubbles before the flow was restricted with a back-pressure
valve. Refrigeration clamps on either end of the copper tube were
then tightened, trapping a sample of groundwater for analyses of
dissolved noble gases and CO, (e.g. Weiss, 1968; Kulongoski and
Hilton, 2011).

At the Scripps Institution of Oceanography, samples were released
into an ultra-high vacuum extraction line (Kulongoski and Hilton,
2002) where dissolved gases were exsolved from the water phase,
aided by acidification to ensure complete release of dissolved CO,.
The CO, and He-Ne fractions were isolated from other gases, by a
combination of active-gas gettering and/or cryogenic separation,
and captured in glass breakseals for transfer to dedicated lines for fur-
ther purification and manometric measurement. Isotopic analyses
proceeded adopting analytical protocols described previously (Shaw
et al.,, 2003; Kulongoski and Hilton, 2011). A fraction of the CO, gas
was collected in a Pyrex glass tube, on which the §'3C values were
measured using a Delta V isotope ratio mass spectrometer (Ray et
al., 2009; Hilton et al., 2010). The international standard Pee Dee Bel-
emnite (V-PDB) was used for calibration, and an overall precision of
less than 0.1%. was achieved. The accuracy of the '3C determination
(4£0.5%.) was estimated by repeat analyses of a working laboratory
standard, itself calibrated relative to V-PDB.

Noble gas samples were analyzed at the Lawrence Livermore Na-
tional Laboratory (LLNL) using an isotope dilution protocol and
VG-5400 mass spectrometer (Cey et al., 2008). Uncertainties were
calculated as the highest of the following: (1) best typical precision
for the parameter (2% for *He/*He, He, and Ne contents); (2) repro-
ducibility of concurrently run air standards; (3) propagated uncer-
tainty of the unknown sample ratio (for >He/*He analyses only, to
account for instrumental variation in background >He count rates).

4. Results

Results of the He analyses (isotope compositions and concentra-
tions) are reported in Table 1. In addition, Ne concentrations are given,
in order to correct for the presence of excess air-derived atmospheric
helium, together with tritium (*H) contents of the water phase to assess
possible contributions to the *He inventory from the decay of atmo-
spheric tritium generated in the 1960s by nuclear-weapons testing. Re-
sults of the CO, analyses (isotope compositions and concentrations)
along with CO,/>He molar ratios are reported in Table 2.
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Fig. 1. Map of the Cuyama, Mil Potrero and Cuddy valleys along the Big Bend section of the San Andreas Fault System in California, USA. The locations of major faults, geographic

features, and wells sampled in this study are shown.

4.1. Helium-4 concentrations

The helium concentrations presented in Table 1 have been corrected
for excess air-derived helium (Hea) resulting from air-bubble entrain-
ment. The excess-air component was calculated using measured “He
and Ne contents, and air-saturated water (ASW) equilibrium concentra-
tions (Hegq and Negq) at 15 °C - the assumed average annual recharge
temperature for the samples (Torgersen, 1980; Kulongoski et al.,
2008) - and the altitude at each well. Assuming that all Ne in a sam-
ple is of atmospheric origin, excess Ne (Ne,), i.e. the amount greater
than the equilibrium neon concentration at 15 °C (Negq), is multi-
plied by the atmospheric He/Ne ratio (0.288; Weiss, 1971) to derive
He, (Torgersen, 1980; Kulongoski et al., 2008). Therefore, corrected
helium (Hec) concentrations reflect the measured sample He con-
centration minus Hea (Table 1). Here we note that a small amount of
atmospheric helium (Hegq) remains in He after the correction. Thus, at-
mospheric helium (Heg) is still present in the corrected *He/*He ratios
(Rc), however its influence is insignificant in high helium content sam-
ples, which are of primary interest in this study. Corrected concentrations
(Hec) less than ASW values (~3.6-4x 1078 cm® STP g~ ! H,0 at 15 °C;
Weiss, 1971) reflect an overcorrection of He, and, in these cases, it is as-
sumed that Hec are entirely ASW concentrations (i.e. no extraneous
helium). Hec range from ~4x1078 (ASW values) to 62.7x10~8
cm? STP ¢~ ! H,0, and He, values range from 0.5 to 11.3 (x10~%)
cm? STP g~ ! H,0.

Groundwaters in the Mil Potrero and Cuddy valleys near the SAFS
contain greater Hec concentrations (median Hec=20.2x 108
cm? STP g~ ! H,0) than samples from the Cuyama Valley (median
Hec=4.80x10"8 cm?® STP g~ ' H,0) (Fig. 2a). The Hec concentra-
tions are greater than expected for air-saturated water (3.64 to
3.99x1078 cm® STP g~ ! H,0; Weiss, 1971) at the altitudes of
wells (1091-1840 m) in the Mil Potrero and Cuddy valleys. This ob-
servation is consistent with the addition of He from extraneous (non
atmospheric) sources to all samples. However, in the Cuyama Valley,
Hec concentrations for most samples are near ASW concentrations at
the altitude of wells (582-840 m), (~4.1 t0 43x10"8 cm® STP g ™!
H,0; Weiss, 1971), and contain little or no extraneous helium.

4.2. >He/*He ratios

The measured *He/*He ratios of groundwater samples are corrected
for air-derived excess He (Hey), tritiogenic helium-3 (*Heqgr) from the
decay of nuclear-bomb derived tritium (Table 1), and normalized to the
3He/*He ratio of air (R4=1.4x10~5; Clarke et al., 1976), to determine
whether groundwater is enriched in crustal (0.02 Rs; Andrews, 1985)
and/or mantle (8 Ry; Graham, 2002) helium. Corrected *He/*He ratios
(R¢) range from 0.09 to 3.52 Ry, consistent with mantle He constituting
up to 43.9% of the total He in one sample. Note that the mantle *He/*He
ratio of 6 R4 may be more appropriate for subcontinental mantle (Dunai
and Baur, 1995; Dunai and Porcelli, 2002), but 8 R4 was used in calcula-
tions in order to compare this work with that of Kennedy et al. (1997).
The helium components in samples were calculated using a simple bi-
nary mixing model based on the measured *He/*He ratio of the sample
being composed of mantle (8 R4) and crustal (0.02 R4) end members.
After correction for excess air and >Herg, most groundwater samples
exhibit distinguishable mantle helium-3 contents. However, 4 ground-
water samples from Cuyama Valley have helium concentrations near
ASW, contain tritium, are thought to be recently recharged, and contain
no mantle helium-3.

Notably, higher *He/*He ratios are observed in wells near the SAFS in
the Mil Potrero and Cuddy valleys (Fig. 2b). In a simple two component
crust-mantle mixing model, the high R-/R4 ratios represent a median
mantle-derived He contribution of 21.7% in the wells along the SAFS,
with CUYU-04 having 43.9% mantle He. Alternative explanations for
high He/*He ratios, such as radioelement heterogeneity, high lithium
contents, or fractionation processes, such as the preferential release of
*He from the aquifer matrix (Martel et al, 1990; Ballentine and
Burnard, 2002), are highly unlikely based upon prior studies in the
Mojave Desert section of the SAFS (Kulongoski et al., 2003, 2005).

It also is worth noting that in the Cuddy Valley, there is considerable
spatial variability of the He isotopic ratios (and the helium concentra-
tions) between wells within relatively close (~4 km) proximity to
each other. For example, two of the highest values, 3.52 R4 and 2.30
R4 (from CUYU-04 and CUYU-02, respectively) are from wells in the
Cuddy Valley near the SAFS (Table 1). However, a third site<4 km



Table 1
Measured helium abundances and isotopic ratios, neon, and tritium abundances. Calculated helium-3 from tritium, corrected helium abundances and isotopic ratios, percent mantle helium, and distances of wells from faults in the Big Bend
section groundwaters.

Sample ID Helium  (£10)  (PHe/*He)/Ry* (1 0) Neon Tritium  >Herge® Hec (10) (*He/*He)c/Ry* (1 0) Percent  Distance Distance from
mantle from SAFS  any fault
(cm® STP g~ ! H,0) (cm® STP g~ ' H,0)  (pCi/L) (cm® STP g~ ! H,0) (%) (km)
(x107%) (x107%) (x107'%)  (x107%)
Cuyama Valley CUY-01 6.53 +0.13 0.78 40.01 19.7 29 2.27 6.03 +0.38 0.50 40.02 6.1 17.7 1.43
CUY-02 12.65 40.25 0.40 +0.01 24.2 0.0 0.0 10.80 +0.51 0.30 +0.02 35 16.9 4.19
CUY-03 16.73 +0.33 0.97 +0.03 56.8 7.2 5.63 538 +1.10 0.20 +0.06 23 11.9 3.11
CUY-04 5.64 +0.11 0.93 40.03 45.5 0.9 0.70 4.19 40.86 1.00 40.06 0 11.9 3.09
CUY-05 9.13 40.18 0.52 40.02 20.9 0.0 0.0 8.23 +0.43 0.47 +0.04 5.6 155 4.00
CUY-06 6.05 +0.12 1.04 +0.02 25.1 6.6 5.16 4.15 4048 1.00 +0.04 0 10.0 5.89
CUY-07 5.05 +0.10 1.02 40.03 244 43 3.36 4.17 +0.72 1.00 40.06 0 9.5 2.75
CUY-08 6.91 +0.14 1.17 +0.04 29.8 9.0 7.04 4.16 +0.88 1.00 +0.08 0 11.2 543
CUY-11 6.29 +0.13 0.82 +0.02 21.7 25 1.96 4.89 +0.42 0.49 +0.04 6.0 21.0 1.90
CUY-12 13.20 +0.26 0.94 40.02 46.9 6.3 492 4.70 +0.91 0.09 +0.04 0.9 114 3.49
Mil Potrero CUY-09 19.71 +0.39 0.68 +0.01 20.9 0.5 0.39 18.23 +0.53 0.64 +0.02 7.8 0.19 0.19
and Cuddy CUY-10 41.01 +0.82 3.00 +0.03 25.2 2.8 2.19 38.32 +0.89 3.10 +0.06 38.6 0.58 0.19
valleys CUYU-01 12.52 +0.25 1.62 +0.03 221 74 5.79 10.82 4048 133 +0.06 16.5 0.13 0.13
CUYU-02 23.86 40.48 2.40 +0.04 22.0 84 6.57 22.12 +0.61 2.30 +0.08 28.6 0.28 0.28
CUYU-03 71.61 143 2.07 +0.03 46.8 6.8 5.32 62.74 +1.58 2.16 +0.06 269 0.10 0.10
CUYU-04 53.24 +1.06 347 +0.05 22.7 44 344 51.15 +1.10 3.52 +0.10 439 0.29 0.29
CUYU-05 7.64 +0.15 0.93 +0.01 26.0 7.1 5.52 495 +0.59 0.10 40.02 1.1 0.84 0.17
CUYU-05 replicate 6.73 +0.13 0.89 +0.01 22.3 74 5.79 5.10 +0.54 0.05 +0.02 04 - -
CUYU-06 16.18 +0.32 1.27 +0.01 353 74 5.79 10.89 +0.72 1.02 +0.02 12.6 3.6 0.40
CUYU-06 replicate 2143 +043 1.27 +0.01 424 74 5.79 14.10 +1.29 112 +0.02 139 - -

2 R, is the *He/*He ratio of air, 1.4x 1076,
b Calculated from the measured >H extrapolated to 1967 *H and decayed to 2008 *Hergr.
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Table 2
Carbon dioxide abundances, carbon isotopes, CO,/Hec ratios, and calculated ternary mixing components based on CO,/*Hec and 8'C of Big Bend section groundwaters.
Sample ID CO, CO,/°Hec  8'*C Limestone Organic Mantle Limestone Organic carbon Mantle
(L) carbon (M) (L) (S) (M)
(S)
(cm® STP g~ ! H,0) (%0) 0%o —30% —6.5% 0% —22%o —6.5%0
(10) (x10') (10) (percent) (percent)
Cuyama CUY-01 0.108  4-0.002 25.64 —13.75 £0.05 54.1 45.8 0.1 374 62.5 0.1
Valley CUY-05 0.059 40.001 11.01 —17.14 +£0.04 427 57.1 0.2 22.0 779 0.2
CUY-08 0.109 40.002 18.72 —21.50 +£0.04 283 71.7 0.0 2.2 97.7 0.1
CUY-11 0.076  40.002 22.57 —1932 +£0.04 355 64.4 0.1 121 87.8 0.1
CUY-12 0.084 40.002 1419 —12.18 +£0.03 594 40.6 0.02 44.6 55.4 0.01
Mil Potrero  CUY-10 0.124 40.002 0.746 —20.24 +£0.05 304 66.9 2.7 6.1 91.2 2.7
and Cuddy CUYU-01 0.179 40.004 8.85 —12.89 +0.05 569 429 0.2 413 58.5 0.2
valleys CUYU-02 0.223  40.005 3.13 —1244 +£0.04 580 413 0.6 43.0 56.4 0.6
CUYU-03 0.194 40.004 1.023 —1341 +£0.04 538 44.3 2.0 37.7 60.4 2.0
CUYU-03 replicate  0.193  +0.004 - —1381 +£006 - - - - - -
CUYU-04 0.155 40.003 0.614 —11.87 £0.05 579 38.9 33 43.8 53.0 33

away has a value (0.64 R4) that is 5 times lower than the well with the
highest value (Fig. 1). The implications of such spatial heterogeneity in
3He/*He values are discussed in Section 5.1.

4.3. CO, concentrations and carbon isotopes

Carbon dioxide concentrations in the 10 wells sampled range from
0.059 to 0.223 cm?® STP g~ ! H,0. The highest CO, concentrations are
found in wells near the SAFS, in the Mil Potrero and Cuddy valleys
(Table 1), and contain significantly higher concentrations of CO, (me-
dian of 0.18 cm® STP g~ ' H,0) than the Cuyama Valley samples
(median of 0.084 cm?® STP g~ ! H,0), which are near associated faults
(Fig. 2c). The 8'3C (CO,) values measured in 10 groundwater samples
range from —21.5 to —11.9%. (vs. PDB) (Table 1). All values are less
than the average mantle range (—6.5+2%.; Pineau et al., 1976;
Pineau and Javoy, 1983; Sano and Marty, 1995). The wells in Mil
Potrero and Cuddy valleys along the SAFS have greater &'3C values
(median of —12.9%.) than the wells in the Cuyama Valley (median
of —17.1%.) (Table 2; Fig. 2d).

4.4. CO,/°He ratios

The CO,/°He values in the samples range from 0.614 to 141.9
(x10'") (Table 2). The groundwater CO,/*He ratios (He corrected for
air entrainment) are intermediate between values considered typical
for mantle-derived CO,-rich (24 1x10°% Marty and Jambon, 1987)
and crustal-derived (10'' to 10'#) volatiles (O'Nions and Oxburgh,
1988). CO,/>He values are considerably lower in samples along the
SAFS from the Mil Potrero and Cuddy valleys (median=1.02x10'"),
than in the samples from the Cuyama Valley (median=22.6x10'!).
However, gases with a substantial mantle helium component exhibit
arange in CO,/>He values - overlapping crustal values — and, as such,
CO,/°He values alone cannot identify mantle-derived carbon
(O'Nions and Oxburgh, 1988). Thus it is necessary to consider the
C0,, >He/*He, and 6'3C (CO,) characteristics of the volatiles together
(Table 2).

5. Discussion

The following sections discuss the distribution and provenance of
helium and CO, measured in samples from the Cuyama, Mil Potrero
and Cuddy valleys, and the processes that control the He-CO, system-
atics of fluids associated with the SAFS.

In Section 5.1, helium sources and mixing relationships are
discussed, while in Section 5.2 contributions to total CO, are estimat-
ed based on the He-CO, and &'3C (CO,) characteristics of the samples.
In Section 5.3, the upward flow of fluids along the SAFS, the flux of
helium, and the flux of CO, are estimated. Finally, in Section 5.4,

fault weakening models and the role of faults in the transport of man-
tle volatiles are discussed.

5.1. Distribution of mantle-derived helium near the SAFS

The highest >He/He ratio, 3.52 R, (~44% mantle contribution),
was measured in a well along the SAFS in the Cuddy Valley
(Table 1). The well, CUYU-04, is ~290 m from the SAFS. Fig. 2a and
b show the plots of Hec and R¢/R, versus distance of all wells from
the fault. The distribution of the He data shows that 6 of the 8 ground-
water samples collected near the SAFS have higher *He/*He and Hec
than the groundwaters in the Cuyama Valley, which is bounded by
the associated Morales, Ozena, South Cuyama, and Big Pine faults
(Fig. 1). The median He/*He in the Mil Potrero and Cuddy valleys is
1.75 Ry4, while in the Cuyama Valley, the median value is 0.5 Ry, corre-
sponding to mantle-He contributions of 21.7% and 6.1%, respectively.
This suggests a much larger mantle-He contribution in wells along
the SAFS, and provides evidence for the enhanced transfer of mantle
volatiles through the SAFS. Interestingly, the 10 wells in Cuyama Val-
ley lie within 0.3-5.8 km of other identified faults (Fig. 1); however,
the 3He/*He values of these samples range from 0.09 to 1.0 Ra.
These 10 wells contain 0 to 6.1% mantle He. While the flux of mantle
volatiles appears to be focused along the SAFS, adjacent faults also ap-
pear to facilitate the transfer of mantle volatiles through the crust al-
beit to a lesser extent.

Wells located within 1 km of the SAFS display a surprising spatial
variability in *He/*He. Several mechanisms may explain this observa-
tion, including variability in the amount of mixing with crustal He
which acts to dilute the mantle He component. A plot of R¢/Ra Vs.
Hec (Fig. 3) shows a general increase in *He/*He with an increase in
Hec for the Mil Potrero and Cuddy valley samples indicating that en-
hanced input of helium into these groundwaters is predominantly a
result of an increase in the mantle-derived component. Conversely,
the Cuyama Valley wells show a decrease in *He/*He with an increase
in Heg, indicating that this flow system is dominated by crustal-helium
addition.

Other processes that explain spatial variability of He/*He ratios
observed in wells located within close proximity include (1) hetero-
geneous local lithologies (Torgersen, 1980), (2) focused flow of
helium-rich groundwater as a consequence of sub-regional flow
cells in the aquifer (Bethke et al., 2000), and (3) fracturing and the
time-dependent hydraulic transport of the He-rich fluids through
the crust (Nur and Walder, 1990). This last explanation could effec-
tively transfer mantle helium to the proximal pore-fluid or release
crustal He from the aquifer lithology (Torgersen and O'Donnell,
1991).

The alluvial basins sampled for this study have similar lithologies
composed of Quaternary alluvial fill, and are not large enough for
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Fig. 2. (a) Plot of helium corrected for air-bubble entrainment (Hec); (b) Helium iso-
tope ratios corrected for air-bubble entrainment normalized to the *He/*He ratio of
air (Ry); (c) measured carbon dioxide (CO,); (d) and carbon isotopes (5'3C) of
(COy), versus the distance of the well from the San Andreas Fault System (SAFS).
Groundwater samples from the Mil Potrero and Cuddy valleys (red squares) are closest
to the SAFS and generally have higher helium abundance and isotope ratios, and car-
bon dioxide abundance and isotope ratios than samples from the Cuyama Valley
(black circles).

long, sub-regional flow-cells. However, episodic faulting and fractur-
ing could release accumulated radiogenic He on geologically-short
time-scales (~1500 years) (Torgersen and O'Donnell, 1991), or en-
hance the transfer of mantle volatiles through permeable fault
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Fig. 3. Plot of helium isotope ratios corrected for air-bubble entrainment normalized to
the *He/*He ratio of air (R,) versus helium corrected for air-bubble entrainment (Hec).
Groundwater samples from the Mil Potrero and Cuddy valleys trend towards higher
Rc/Ra values with greater Hec, while samples from the Cuyama Valley decrease with in-
creasing Hec.

zones (Nur and Walder, 1990; Kulongoski et al., 2005), such that sub-
sequent proximal fluid flow could then explain variations in He
fluxes. This possibility would explain the marked variability in He
values in the basins along the SAFS. Recent work on drilling mud
gas at the San Andreas Fault Observatory at Depth (SAFOD) shows
variation, at small scales, in the helium isotope composition at
seismogenic depths of the SAF suggesting that variations in fluid
flow rates from depth due to permeability differences explains the
observed variations in 3He/*He (Wiersberg and Erzinger, 2011).
These authors also concluded that the principal pathway for mantle
volatiles is through permeable country rock of the North American
Plate (Wiersberg and Erzinger, 2011).

The difference in >He/*He between the Mil Potrero and Cuddy val-
leys, and the Cuyama Valley, could be related to differences in local ge-
ology. Although all of the wells sampled are drilled in Quaternary
alluvium deposits, the Mil Potrero and Cuddy valleys are surrounded
by Precambrian metamorphic and Mesozoic granitic plutons, while
the Cuyama Valley is surrounded by uplifted Cenozoic, Miocene and Eo-
cene marine sediments (California Division of Mines and Geology,
2000). However, no evidence exists for recent volcanic eruptions in ei-
ther of these areas. Past volcanism and magmatism are associated with
the northward development of the SAFS from 30 to 8 Ma ago (Wallace,
1990). During emplacement and eruption, magma degasses, enriching
the nearby hydrologic system in >He and “He. However, over the course
of 8-30 Ma, the in-growth of crustal “He in host aquifer rocks will act to
mask these elevated >He/*He ratios (Kennedy et al., 1997). As such,
older plutonic and volcanic rocks are not expected to be significant
sources of contemporary high >He/*He ratios.

Alternatively, the distribution of elevated *He/*He ratios could re-
sult from the transport of helium, exsolved from incipient upper man-
tle melts, through the SAFS to the shallow crust (Kennedy et al., 1997;
Kharaka et al, 1999; Kulongoski et al, 2003, 2005) or from
dehydrated serpentinized Franciscan mantle wedge (Fulton and
Saffer, 2009). In the first case, as mantle helium (~8 R,) is transferred
through the crust, it mixes with crustal helium (~0.02 R,), thereby
lowering the resultant >He/*He ratio to values determined by the
rate of transfer, or residence time of fluids in the crust (Kennedy et
al.,, 1997). In the later case, fluids derived from Franciscan rocks
could have elevated helium isotope ratios, and observed helium ratios
could be explained by serpentinite degassing (Wiersberg and
Erzinger, 2011). The continuous transport of mantle volatiles into
the seismogenic zone of the SAF is a more probable explanation for el-
evated 3He/*He ratios due to low diffusivity of He in solid rock
(~5x1077; Ballentine and Burnard, 2002; Kulongoski et al., 2005;
Wiersberg and Erzinger, 2011). Flow rates of mantle-derived fluids
are estimated in Sections 5.3 and 5.4.
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5.2. CO, provenance and He-CO, characteristics along the SAFS

The highest CO, concentrations in groundwater samples are
measured in wells along the main trace of the SAFS in the Mil
Potrero and Cuddy valleys (Fig. 2¢). The highest concentration of
€O, (0.223cm3STP g~ ! H,0) was measured at CUYU-02 in the Mil
Potrero Valley, which is ~280 m from the SAFS. The median CO, con-
centration for the Mil Potrero and Cuddy valleys is 0.18 cm® STP g~ !
H,0, while in the Cuyama Valley, the median CO, concentration,
0.08 cm? STP g~ ! H,0, is less than half that value.

The isotopic composition of CO, (6'3C) has been used in many stud-
ies to identify CO, origin (e.g. Deines et al., 1974; Pineau et al., 1976;
Pineau and Javoy, 1983; Schoell, 1983; Javoy et al., 1986; Whiticar,
1994; Baker et al,, 1995; Wycherley et al., 1999). Characteristic mantle
613C (C0,) values range from —9 to — 4%, with an average of —6.5+
2.5%,, while organic CO, has §'3C values from —40 to — 20%., and ma-
rine carbonates have 6'3C values ranging from —2 to + 2%.. Sample
613C (CO,) values in this study fall between —21.5 and — 11.9%. indi-
cating a mixture between organic (sedimentary) CO, and one or both
of the other two components.

Four out of five samples located along the sections of the SAFS in
the Cuddy and Mil Potrero valleys have 6'3C> — 13.4%.. The site with
the highest 8'3C value (— 11.9%., CUYU-04) is also the well with the
highest *He/*He value (3.52 R,), however these four sites have fairly
constant 8'3C values with increasing helium concentrations. Two of the
five sites in the Cuyama Valley have relatively elevated 5'>C (— 13.8 and
—12.2%.), while the other three sites have values<—17.1%., all of
which vary with helium concentration.

Mantle CO, is thought to act as a carrier gas that transports He to the
Earth's surface because observed He and CO, in mantle fluids occur at
near constant proportions to each other (Marty and Jambon, 1987;
O'Nions and Oxburgh, 1988). At locations dominated by mantle input
(“M”), fluids contain volatiles with CO,/>He ratios near 2 x 10° (Marty
and Jambon, 1987). In crustal fluids, CO,/>He ratios vary over a range
of values (108 to 10'%) as a result of the addition of CO, from marine car-
bonates (limestone “L”; CO,/>*He =1x 10'3) or organic-carbon rich sed-
iments (“S”; CO,/°He=1x10"3), or CO, loss through reaction or
precipitation (O'Nions and Oxburgh, 1988). In general, CO,/>He values
greater than ~10"" can be attributed to a crustal CO, source containing
virtually no >He.

Given that volatiles from the crust and mantle have distinctive
3He/*He, CO,/3He, and 6'3C (CO,) values, these properties may be
used to identify and quantify contributions from these two end mem-
bers. A plot of CO,/>He versus 6'>C (Fig. 4) shows the distribution of
samples in relation to the three major end members, M, L, and S, as
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Fig. 4. *He-C0,-6"3C systematics: plot of CO,/>He ratios versus 6'>C values. Included
are the end member values for the mantle (M), organic-rich carbon sediments (S),
and marine carbonates-limestone (L). All groundwater samples plot between the end
members suggesting mixing between volatile sources; however, the samples from
the Mil Potrero and Cuddy valleys have lower CO,/>He ratios suggesting a greater man-
tle influence than samples from the Cuddy Valley.

defined above. CO,/>He values for wells in the Mil Potrero and
Cuddy valleys range from 6.14 to 88.5 (x 10'°). In the Cuyama Valley,
CO,/>He values range from 110 to 1419 (x10'%), closer to crustal
CO,/3He values (10" to 10'3; Ballentine et al., 2002).

The proportion of CO, derived from each of the three end members
(M, Land S) can be calculated using the CO,/>He ratio and the §'3C for
each sample following the approach of Sano and Marty (1995) - see
Table 2 - and assuming that CO, and He are unfractionated from one an-
other. The mantle 8'3C value of —6.5%,, the marine carbonate (lime-
stone) value of 0%, and the sediment (organic carbon) 6'3C value of
— 22%o were used in the calculations. Selection of the sediment (organic
carbon) 6'3C value of —22%. was based on previous estimates for the
SAFS (Wiersberg and Erzinger, 2008). For comparison, the typical sedi-
ment (organic carbon) 6'3C value of —30%. was also used (Table 2).
Crustal additions have affected each sample to a greater or lesser degree.
Sediments (organic carbon —6'3C = —22%.) comprise the majority of
the inputs to the CO, inventory of the samples, with mantle proportions
ranging from 0.01 to 3.3%. This agrees with previous investigations that
attributed the source of SAFS fluids primarily to metamorphism of
organic-rich shale as the major source of CO, (Wiersberg and Erzinger,
2011). All 5 samples from the Cuyama Valley had <0.2% mantle CO,.
Note that the entrainment of atmospheric air bubbles, which have a
513C value of —8.9%. (Lewicki et al., 2003), could impact CO, systemat-
ics in young groundwater, but the low concentration of CO, in air makes
this an extremely unlikely possibility.

In Fig. 5, the CO,/*He ratios of samples are plotted versus corre-
sponding *He/*He ratios (Rc/R4) to discern mantle and crustal contribu-
tions to each sample. Superimposed on the plot is the ‘best fit’ binary
mixing curve, which represents the mixture of mantle and crustal vola-
tiles with CO,/®He ratios of 2x 10° and ~5x 103, respectively. The Mil
Potrero, Cuddy, and Cuyama valley samples fall close to the same binary
mixing curve. This is significant for two reasons: (1) the same two end
member compositions are applicable for all samples in the Big Bend re-
gion, with Cuyama Valley samples having a greater crustal contribution,
and (2) the CO,/>*He composition of the mantle end member, ~2 x 10°, is
consistent with the value characteristic of MORB-type mantle. This latter
point is important for estimating the flux of CO, (Section 5.3).

The high concentrations of CO, in the wells along the SAFS, rela-
tively high 6'3C values, and larger proportion of mantle-derived CO,
(Mil Potrero and Cuddy valleys) parallel the trend of high >He/*He
close to the SAFS. Taken together, these observations provide further
evidence that the SAFS is the focus of mantle degassing within the Big
Bend section.
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Fig. 5. Plot of helium isotope ratios corrected for air-bubble entrainment normalized to
the >He/*He ratio of air (R4) versus CO,/>He ratios. Included are mantle (M) and crustal
(C) end member values and a ‘best fit’ binary mixing curve which represents the mix-
ture of mantle and crustal volatiles with CO,/>He ratios of 2x 10° and ~5x 10", respec-
tively. All groundwater samples fall close to the same binary mixing curve, but the Mil
Potrero and Cuddy valleys have a greater mantle contribution, while the Cuyama Val-
ley samples have a greater crustal volatile contribution.
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Table 3
Helium-3 and CO, flux characteristics from selected groundwater studies.
Crustal thickness  System Upward fluid flow rate Location Local *He flux Total He flux ~ CO, flux Reference
(km) (mma ') (molcm~2a~')  (mola™!) (mola™1)
(x10719) (x10'%)
30 SAFS 147 Mil Potrero Valley, USA 1.7 5.8 5.8 This work®
30 SAFS 147 Mil Potrero Valley, USA 1.7 03 0.07 This work®
30 SAFS 4.0 Varian Phillips well, USA 1.8 6.3 6.3 Kennedy et al. (1997)*
30 SAFS 1.7 Mojave Desert, USA 0.09 0.02 0.004 Kulongoski et al. (2005)"
38 NAFZ 8.7 Mudurnu, Turkey 3.94 - - de Leeuw et al. (2010)
- Non volcanic - Colorado Plateau, USA - - 0.14 Crossey et al. (2009)
- Non volcanic - Central Italy - - 10.0 Rogie et al. (2000)
- Arc volcano - Global arc volcanoes - - 160.0 Hilton et al. (2002)
- Arc volcano - Global arc volcanoes - 3-150 10-50 Marty et al. (1989)
- Arc volcano - Global arc volcanoes - 70 - Allard (1992)
- Global flux - Global flux - 1500 - Allard (1992)

2 Calculated with the parameters: CO,/*He =10'° and SAFS width 350 km.
b Calculated with the parameters: CO,/*He =2 x 10° and SAFS width 20 km.

5.3. Calculating SAFS volatile fluxes

Kennedy et al. (1997) calculated upward fluid flow rates through
the SAFS assuming that as mantle fluids traverse the SAFS, locally pro-
duced crustal “He dilutes mantle-like He/*He ratios, generating a
vertical gradient in He/*He. This vertical gradient in helium isotopes
depends on the upward flow rate and the crustal (radiogenic) pro-
duction rate of “He. Based on a 30 km crustal thickness (Hc), and
the composition of the Varian-Phillips well located ~350 km north-
west of Cuddy Valley near Parkfield, California (air-corrected
mantle-He concentration: Hep,, =426.0x10~7 cm® STP g~ ! fluid,
and 3He/*He =2 R,), Kennedy et al. (1997) calculated an upward
flow rate (q) of ~3 mm a~! at this well (Eq. (1)), with the caveat
that flow rates could be considerably higher if flow is episodic.

RS—RC} (1)

_ Hep, P(He)
Rm 7Rs

Py [Hefgp,

In Eq. (1), ps and prare the densities of the solid and fluid phases,
P(He) is the present-day production rate from the U+ Th in the fault
zone materials, and R is the >He/*He ratio of the (s) sample, (c) crust,
and (m) mantle. In the Kennedy et al. (1997) study, fluid flow rates at
different wells ranged between 1 and 10.5 mm a~ !, with the highest
value derived for Mercy Hot springs, with a ratio of 4 Ra.

Using the same model, we calculate an upward fluid flow rate
through the Big Bend section of the SAFS of ~147 mm a~!, based on
a 30 km crustal thickness, “He production value (P(He)) of 5.01x
1073 em3 STP g=! a=! (U=2.3 ppm; Th=7.9 ppm; Kulongoski et al.,
2005), bulk rock density (ps) of 2.8 g cm ™3, the air-corrected mantle He
concentration in CUYU-04, Heg,, =2.25x10~7 cm® STP g~ ! fluid, and
sample R;=>He/*Hec=3.52 R,. For comparison, the estimated upward
fluid flux of site CUY-10, with the second highest He/*Hec=3.10 Ry, is
179 mm a~'. In the nearby Mojave Desert, an upward fluid flux of
1.7 mm a~ "' was calculated for site 3N/SE-31J1 (Hep,=10.3x10"7;
3He/*He =0.34 R,) (Kulongoski et al.,, 2005). In Turkey, along the North
Anatolia Fault System (NAFS), de Leeuw et al. (2010) calculated an up-
ward fluid flow rate of ~8.7 mm a~ !, based on a 38-km crustal thickness,
“He production value 0f 4.75x10~ 13 cm® STP g~ ! a~!, a bulk rock den-
sity of 2.8 g cm >, the mantle helium concentration at the Mudurnu well,
Heg, =20.1x10~7 cm® STP g~ ! fluid, and *He/*He = 2.15 Ry. Results
from these studies are presented in Table 3. The upward flow rate
calculated in Cuddy Valley is up to 37 times greater than the values
calculated by Kennedy et al. (1997) and de Leeuw et al. (2010). The
greater flux along this section of the SAFS primarily reflects the rela-
tively high 3He/*He ratios and low mantle He abundances observed
in the wells sampled for this study. As such, this study identifies
one of the first locations where high mantle-helium concentrations

have been observed in relatively young, tritium-rich groundwater
that has not accumulated significant quantities of radiogenic helium.
A lower flux was estimated for the SAFS in the Mojave (Table 3); how-
ever, Mojave groundwater has low *He/*He ratios, long groundwater
residence times (>10,000 years), and high radiogenic (crustal) He con-
centrations (Kulongoski et al., 2005).

Fluids with high >He/*He ratios likely indicate rapid transport of
mantle volatiles to the shallow crust. Higher fluid flow may reflect
greater permeability of the crust, which may result from local fault
behavior. Evaluating the hypothesis that lower effective stress on
the fault zone, allowing greater permeability, and as a result, varying
flux rates for mantle volatiles is discussed in the next section.

5.4. Fault weakening models

The transfer of mantle volatiles across the brittle-ductile transition
requires that this boundary is permeable and that fluids enter the
seismogenic zone at or near lithostatic pressure (Kennedy et al., 1997).
As such, it is possible to assess the impact of flow rate on the pressuriza-
tion of the fault zone by calculating the total volatile flux. Kennedy et al.
(1997) assumed a flow rate of 4 mm a~' for the SAFS, corresponding
to a 3He flux through the SAFS of ~4.05x10~ ' cm® STP cm2a™!
(~2x107 " mol cm~2 a~ 1) (Eq. (2)).

total *He flux = q x pr x [Heg] x R (2)

In Eq. (2), q is upward fluid flux, pf is the density of the fluid
(~1 g cm™3), [He] is the helium-4 concentration of the sample, R; is
the *He/*He ratio of the sample. Integrating this flux over the entire net-
work of faults that make up the SAFS (length=1000 km; width=
350 km), Kennedy et al. (1997) derived a total flux of 3He of
1.42x10° cm® STP a— ! (~6 mol a—1). In this work, using the same pa-
rameters as Kennedy et al. (1997), we calculate an upward fluid flow of
147 mm a~! (Section 5.3), which corresponds to a total >He flux of
3.7x107 " em® STP ecm ™2 a~ ! (1.7x 107" mol cm™2 a~ ') adopting
R;=3.52and [He;]=51x10"8 cm? STP g~ ! fluid (CUYU-04; Table 1).
If this value is applicable to the entire SAFS, and we adopt the same di-
mensions for the SAFS (1000-km-long by 350 km wide; Kennedy et al.,
1997), then we calculate the total >He flux through the SAFS to be
1.3x10° cm? STP a~—! (5.8 mol *He a—'; Table 3) — similar to the esti-
mate by Kennedy et al. (1997). However, this work has shown that the
mantle-He signal is spatially restricted, to within ~10 km of the fault
trace, i.e. *He/*He ratios decrease rapidly with increasing distance
from the SAFS (Fig. 3). Thus, for the above calculation we reduce the
width of the actively degassing region from 350 km to 20 km (10 km
either side of the fault trace), and this yields a revised total *He flux of
7.4%10% cm® STP a=! (0.33 mol He a~!), over an order of magnitude
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less than the previous estimate (Table 3). For sample CUYU-4 (Cuddy
Valley), the mantle-fraction of the helium-3 (e.g., calculated using the
following equation from Aeschbach-Hertig (2005)):

mantle fraction of *He = {ﬁ}
R, —R

Riy
X R_s 3)

is 99.8%, thus the total *He flux is essentially the *He-mantle flux. For
comparison, this revised SAFS flux is significantly larger than esti-
mates for the Mojave Desert section of the SAFS (0.02 mol *He a~!;
Table 3), however, it is 1-2 orders of magnitude lower than fluxes
from arc volcanoes (3-150 mol *He a~!; Marty et al, 1989);
(70 mol *He a~'; Allard, 1992) and virtually insignificant on a global
scale (1-1.5x10° mol 3He a—!; Allard, 1992) (Table 3).

The calculated *He-mantle flux for the SAFS can be combined with a
mantle CO,/>He ratio of ~2x10° (Marty and Jambon, 1987) (and see
Fig. 5), and a 20-km-wide SAFS, to give a calculated mantle CO, flux of
1.5% 10" cm3 STP a="' (6.6x10% mol a— ), which is ~1% the estimate
by Kennedy et al. (1997) of 6.3x10'° mol CO, a~'. However, the CO,
flux through the SAFS is likely much greater, given that the mantle-CO,
component comprises only up to 3.3% of the total CO, in the groundwa-
ter samples while metamorphic crustal volatiles contribute significantly
(see Section 5.2). In comparison, the total non-volcanic flux estimated
for central Italy is ~10'! mol CO, a—! (Rogie et al,, 2000), and that of
the Colorado Plateau is ~1.4x10° mol CO, a~' (Crossey et al., 2009).
Thus, the estimate from this work is ~0.04% of the total volcanic arc
flux estimate of 1.6x 102 mol CO, a~! (Hilton et al., 2002) (Table 3).

Kennedy et al. (1997) argued that since the density and viscosity
of CO, are comparable to water at seismogenic depths (~11-20 km
depth for the southern section of the SAFS; Smith-Konter et al.,
2011), their reported CO, flux into the fault zone could generate the
high pore pressures needed for fault weakening. However, this con-
clusion depends on the permeability of the lower crust, which is un-
known. Assuming a constant permeability (and a porosity of 0.01
and rock compressibility of 10=% MPa~'), Kennedy et al. (1997) esti-
mated that the >He-calculated CO, flux implies a fault zone perme-
ability of 1072! m?, and by assuming that permeability decreases
exponentially with depth at a rate scaled to a linear increase in stress,
fault zone permeability is ~10~'® m? at the base of the seismogenic
zone. They concluded that fault weakening by the upflow of mantle
fluid at the rate implied by the He flux estimates was plausible.

The mantle CO; flux into the fault zone calculated in this study using
a spatially restricted He (20 km) and CO,/?He ratio (2x10°) is ~1% of
the flux calculated by Kennedy et al. (1997). This finding suggests that
the mantle fluid flux alone is not sufficient to weaken the SAFS at
seismogenic depths. Even if the fault zone is assumed to be 100 km
wide (more appropriate in the southern SAFS; Wallace, 1990), the
flux calculated in this work would be only ~5% of previous estimates. In-
creasing the length of the SAFS to 3000 km also would have little effect
on the flux (~3% of previous estimates). Therefore, it seems implausible,
given the revised fault zone and mantle CO,-helium characteristics that
the flux of mantle volatiles alone could provide the pressure necessary
to weaken the SAFS. However, this study has demonstrated that deep
fluids include a mixture of mantle and crustal-derived CO,, with a sig-
nificant contribution of non-mantle (metamorphic) CO, (>95%), pre-
sumably derived from carbonates and organic carbon-rich sediments
(Table 2). This realization is in agreement with investigations of vola-
tiles in rocks and SAFOD drilling mud (Wiersberg and Erzinger, 2011),
as well as exhumed faulted rocks, vein fillings, and fluid inclusions
(Pili et al,, 2011), that the flux of mantle CO, is likely subordinate to
that associated with metamorphic fluids. We speculate that the mantle
and crustal CO, fluxes together may be sufficient to regenerate
fault-weakening pressures which lead to fault rupture.

Finally, we calculate the mantle CO, flux associated with the SAFS
using the Kennedy et al. (1997) well data but using the spatially re-
stricted width of degassing (20 km) and mantle CO,/>He ratio

(2x10%): 1.62x10"3 cm® STP a=' (7.2x 108 mol a~!). This value is
similar to that derived above for the Big Bend section. Thus, the
first-order implication of this observation is that mantle CO, fluxes
may be uniform along a large section of the SAFS. This observation
is somewhat surprising given the difference in geologic slip rates of
the different sections of the SAFS (12-40 mm a~! (Working Group
on California Earthquake Probabilities (WGCEP), 1995, 2003, 2007;
Smith-Konter et al., 2011)). The Carrizo section, including the Big
Bend section, has one of the highest slip rates (36 mm a~') of the
SAFS. In this respect, higher flux of mantle volatiles, consequent
higher permeability at seismogenic depths, and greater slip rates
should be intimately related. Therefore, one might expect higher per-
meability along the Big Bend section of SAFS and resulting larger flux
rates for mantle volatiles, however, this is not the case. In addition,
just south of the Carrizo section is the Mojave section of the SAFS,
which has a similar slip rate of 33 mm a~' (Smith-Konter et al,,
2011), but a flux rate of 3.7x 107 mol CO, a~ !, which is an order of
magnitude lower. The lower flux rate in the Mojave might be
explained by the greater distance of the Mojave samples from the
SAFS (~60 km), and the nature of dispersed faults in the Eastern
California Shear Zone (Kulongoski et al., 2005). Given the uncer-
tainties associated with various parameters involved in the flux calcu-
lations, additional data need to be collected to test for variations in
CO,, fluxes along the strike of the SAFS.

6. Concluding remarks

Helium and CO, abundances and isotopic characteristics from 18
groundwater wells near the SAFS were measured in order to determine
the origin of fluids and calculate the flux of volatiles in the Big Bend
section of the SAFS. The geochemical characteristics indicate a mixture
between crustal and mantle-derived volatiles. Helium abundance and
isotope values are highest in the wells in the Mil Potrero and Cuddy
valleys — closest to the SAFS. However, variability in the helium contents
and calculated fluxes over short distances suggests that episodic fractur-
ing and advective fluid flow may influence He distribution in and
through the crust. The spatial influence of mantle helium near the fault
zone was observed to be ~20 km. The elevated 3He/*He ratios are
interpreted to be a consequence of a mantle volatile flux through the
SAFS. Co-varying He-CO, systematics is interpreted to reflect simple
mixing between mantle-derived and crustal volatiles. The observed
mantle and crustal volatile mixing is best described by a binary mixing
curve with a mantle CO,/>He ratio of 2x 10°.

Based on helium isotope systematics, we calculate a fluid flow rate of
147 mm a~ !, up to ~37 times higher than previous estimates along the
SAFS. However, adopting a restricted width (20 km), the flux of mantle
3He along the SAFS is estimated to be 7.4x10%cm?STPa~!
(033 mol >He a™!), significantly lower than previous estimates.
Adopting the mantle CO,/>He ratio of 2x10°, we calculate a CO, flux of
1.5% 10" cm> STP a~! (6.6x 108 mol a— '), which is only ~1% of previ-
ous estimates. The observed flux of mantle volatiles through the Big
Bend section of the SAFS requires that the brittle-ductile transition is per-
meable. However, this new, lower CO, flux estimate suggests that fluxes
of mantle volatiles alone are insufficient to produce high pore-fluid pres-
sure and induce fault-weakening (Rice, 1992). The mixing calculated
from the helium and carbon components of the groundwater sampled
identifies that the flux of CO, is dominated by CO, derived from fluids
from the crust. Therefore, a combination of mantle and metamorphic vol-
atiles may be needed to supply the flux to increase pore-fluid pressure in
the seismogenic zone enough to cause fault weakening in the SAFS.
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