j s e

(0225518 X 1078 cm?fs, respectively.
The plateau in the “II, ,, rate and the peak
in the Il rate (Fig. 3) are caused by
increasing Franck-Condon overlap be-
tween the v = 0 wave function and the
continuum vibrational wave function in
the '3 dissociative channel as the elec-
tron energy increases. Dividing these rate
constants by the total experimental DR
rate constant (22) from v = 0 of 2.0 X
1077 X (T,300)796% cm’/s gives the
quantum yields for O(1S). For *I1, 5, these
yields are 0.02078813 at T, = 300 K and
0.029 + 0.003 at T, = 800 K. For a 300 K
ion temperature (including only the *II; 5,
and ng = 0 levels) and T. = 300 K,
the quantum yield is 0.01673553. At an
800 K ion temperature and T. = 800 K,
the quantum yield is 0.02675:33%.

The calculated yields at 800 K fall with-
in the 0.01 to 0.23 range of yields derived
from atmospheric measurements. The rate
coefficients reported here are in good agree-
ment with those derived from plasma spec-
troscopy measurements (23) (Fig. 3), in
which the effective vibrational tempera-
tures indicate that between 67 and 85% of
the ions are'in v = 0 (24). Queffelec et al.
(25) have reported a quantum yield for v =
0 of 0.1 from a flowing afterglow experi-
ment in which the O,* ions were in v < 2.
However, their experiment has high plasma
densities (6) at which the recombination is
dominated by processes other than two-
body DR. A charge transfer experiment
(26) that generates O, high Rydberg states
and detects dissociation products gave a
quantum vyield for O('S) from v = 0 of
0.033, similar to the result reported here. A
recent heavy-ion storage ring experiment
(27) reported a quantum yield of 0.05 *+
0.02, also in agreement with my result.
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Mantle Fluids in the San Andreas
Fault System, California

B. M. Kennedy, Y. K. Kharaka, W. C. Evans, A. Ellwood,
D. J. DePaolo, J. Thordsen, G. Ambats, R. H. Mariner

Fluids associated with the San Andreas and companion faults in central and south-
central California have high 3He/*He ratios. The lack of correlation between helium
isotopes and fluid chemistry or local geology requires that fluids enter the fault system
from the mantle. Mantle fluids passing through the ductile lower crust must enter the
brittle fault zone at or near lithostatic pressures; estimates of fluid flux based on helium
isotopes suggest that they may thus contribute directly to fault-weakening high-fluid

pressures at seismogenic depths.

T'he San Andreas fault (SAF) is known to
be a weak fault, and explanations for its
weakness include either low-friction fault-
zone materials or superhydrostatic fluid
pressures within the fault zone (1-3). Ab-
normally high fluid pressures have been
measured in pores at shallow crustal depths
within the SAF system (4). For example,
fluid pressure in the Varian—Phillips well,
1.4 km from the main trace of the SAF, is
~12 MPa over hydrostatic values at a depth
of 1.5 km (5).

Models of fault weakening by elevated
fluid pressures call on different fluid origins.
Crustal fluids, connate or meteoric, may be
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USA.
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A. Ellwood and D. J. DePaolo, Center for Isotope Geo-
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drawn into the fault zone in response to
fault rupture and become trapped by min-
eral reactions; the high fluid pressures re-
quired to weaken the fault are reestablished
by compaction of the sealed fault-zone ma-
terials (6-8). In this model, the base of the
seismogenic zone, defined by the brittle-
ductile transition, is treated as an imperme-
able boundary. In an alternative model,
fault-weakening fluid pressures are generat-
ed by a high flux of deep crustal or mantle
fluids that are continually supplied to the
seismogenic zone from the ductile lower
crust at superhydrostatic pressures (9).

To investigate fluid source and influence
on SAF dynamics, we conducted a chemical
and helium isotopic study of selected
springs, seeps, and wells associated with the
SAF and companion faults. Elevated dis-
charge temperatures or salinity, unusual sol-
ute chemistry, high gas or water flow rates,
or other indications of deep circulation or
extensive water-rock interaction were used
to select sampling sites. We found that the
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SOy Cl
Fig. 1. Temary plot of major anion concentrations
in deep fault-zone fluids from the San Andreas
~ system. Covariations delineate four chemically
distinct fluids: chloride-rich (yellow), sulfate-rich
(red), bicarbonate-rich (blue), and bicarbonate-
and chloride-rich (green). The range in total dis-
solved solids is 260 mg/liter for some of the bicar-
bonate fluids to 46,800 mg/liter for the chloride-
rich brines. Symbol shapes refer to sample groups
defined by location: San Andreas Group (SAG,
squares), western Transverse Ranges (SYG, tri-
angles), and the southem Coast Ranges (CRG,
diamonds).

fluids can be divided into four categories
_based on geochemistry (Fig. 1) and into
meteoric or evolved connate based on water
isotopes (Fig. 2).

Fluids enriched in crustal helium are
characterized by a *He/*He ratio of ~0.02
Ra, whereas mantle helium has a value of
~8Ra (Ra is the >He/*He ratio in air, 1.4 X
107%) (10). The helium isotopic composi-

tions in our samples varied from 0.12 to 4.0 -

Ra (11) and indicate that fluids associated
with the SAF system contain mantle He
contributions of ~1 to ~50% (Fig. 3).
Mantle helium occurs throughout the en-
tire investigated segment of the SAF (Fig.

MwL

*

+ San Joaquin Valley
oil field waters

i) S -4 0 4 8
5180

Fig. 2. Isotopic composition of fault-zone waters
(symbols as in Fig. 1). Dashed line labeled MWL
(meteoric water line) depicts expected variations
in the isotopic composition of meteoric waters.
Box defines the range in isotopic compositions of
oil field waters from the San Joaquin Valley, Cali-
fornia (37).
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Fig. 3. Helium isotopic composition
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4) but its occurrence is not closely restricted
to the main trace of the SAF. The highest
ratio (4 Ra, ~50% mantle) was found in
Mercey Hot Springs, which emerge from
the southern extension of the Tesla-Orti-
galita fault that defines the eastern limit of
the central Coast Range. Elevated *He/*He
ratios were also found west of the SAF,
although there is a modest trend of decreas-
ing 3He/*He ratios with distance away from
the SAF along the Santa Ynez fault in the
western Transverse Range (Fig. 3, trian-
gles). These springs are bicarbonate- or sul-
fate-rich, and the westward decrease in >He/
“He parallels the trend of decreasing CO,/
CH, However, when all samples are con-
sidered, there is not a strong correlation
between helium isotopes and fluid chemis-
try, which implies that the influx fluids
affect 3He/*He ratios but not other aspects
of the fluid chemistry that are controlled by
the adjacent crustal provenance lithologies.

Crustal fluids with high 3He/*He ratios
have been recognized in regions with active
magmatic systems (12) or that are undergo-
ing extension (13). However, aside from
some wells with elevated >He/*He ratios in

Distance from strike of SAF (km)
West «———+———— East

New Zealand (14), little data exist for seis-
mically active areas, like the SAF system,
that are undergoing compression. A critical
question is whether the high *He/*He fluids
represent an active mantle-fed flux or input
of residual He from earlier magmatism.
Magmatism and development of major vol-
canic centers followed the northward devel-
opment of the SAF from 30 to 8 million
years ago (15) (Fig. 4). However, because
magmas are extensively degassed during
emplacement and eruption, resulting in low
residual He and high U/He ratios, it is
unlikely that the volcanic rocks are a sig-
nificant source of 3He or high 3He/*He
ratios for circulating fluids. And although
magma degassing during emplacement will
stain the near-field hydrologic system (16),
because of the high U and Th concentra-
tions in local rocks (1 to 5 parts per million)
(17), it is also unlikely that stained fluids
could retain high 3He/*He ratios (~1 to 2
Ra) after 8 to 30 million years of radiogenic
“He ingrowth (18). Furthermore, the fluid
helium isotopic compositions are not corre-
lated with fluid chemistry or related to the
age of the local volcanic areas. Thus, the

Fig. 4. Califomia map showing faults as-
sociated with the San Andreas system and
other regional fault systems (SAF, San An-
dreas fault; SYF, Santa Ynez fault; TOF,
Tesla-Ortigalita fault; HF, Hayward fault)
and the distribution of Tertiary volcanics.
Symbol shapes are the same as in Fig. 1
but are shaded in accordance with the he-
lium isotopic composition of the sampled
site numbered as follows: 1, Epsom Salt
Spring; 2, Byron Springs Well; 3, Alum
Rock; 4, Gilroy Hot Spring; 5, Stone Can-
yon Observation Well; 6, Mercey Hot
Springs; 7, Coalinga Mineral Spring; 8,
Middle Mountain Oil Well; 9, Varian—Phillips
Well; 10, Jack Ranch Highway-46 Well;
11, Paso Robles Spa; 12, Gaviota Warm
Spring; 13, Wheeler Hot Spring; 14, Wiliits
Warm Spring; 15, Sespe Hot Spring; 16, 5
Warm Springs; 17, Arrowhead Hot Well.
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high *He/*He ratios represent influx of
mantle fluids. The hydrodynamics thus re-
quire that (i) the brittle-ductile transition is
a permeable boundary and (ii) mantle fluids
crossing this boundary and entering the
seismogenic zone must be at or near litho-
static pressure.

As mantle fluids flow up through the
fault zone, the fluid *He/*He ratios become
diluted with radiogenic *He that is pro-
duced locally in the crust. This generates a
vertical gradient in the helium isotopic
composition in the fault zone that depends
on the vertical rate of fluid flow and the
radiogenic *He production rate in the crust.
The solution for the integrated upward fluid
flow rate (q) for steady-state one-dimen-
sional flow scaled to crustal thickness (19)
is

Heouse pP(He)

= pf[4He]f,mantle
[ (R/Ra)l“eas - (R/Ra)ctust ] (1)
(R/Ra)mantle - (R/Ra)meas
where H is the combined thickness of

crust

the brittle and ductile crust, p, and p; are
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/Ra),,,.ntle cruse,meas € the helium iso-
topic compositions in the mantle (8 Ra),
produced in the crust (0.02 Ra), and mea-
sured in the fault zone fluid. [*Hel;, .. is
the initial concentration in the mantle fluid
and is calculated from the measured “He
concentration and helium isotopic compo-
sition of the sampled fluid. Using the com-
position of the Varian-Phillips well, for
which we have the most reliable He con-
centration data (1.9 X 107 mol of *He per
gram of fluid and 2 Ra), as representative of
fault-zone fluids and a crustal thickness
(H....) of 30 km, calculated upward fluid
flow rates through the fault zone vary from
~1 to 10 mm/year (Fig. 3). The flow rates
could be significantly higher, because nei-
ther mixing with radiogenic *He-rich fluids
from the neighboring brittle crust nor hy-
drodynamic dispersion is included in the
calculation. The calculated flow rates- also
assume continuous flow and therefore are
time averages over the flow path defined by
H_, .. actual flow rates could be significant-
ly higher if flow is episodic.

To assess the impact of flow rate on pos-
sible pressurization of the fault zone, total
volatile fluxes must be calculated. A flow of
~3 mm/year cotresponds to a *He flux
through the SAF of ~2 X 107! mol cm™?
year™!. If the entire network of faults that
make up the San Andreas system is consid-
ered (20), the total *He flux may be as large
as ~6 mol/year, comparable to that in sev-
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eral arc volcanoes (21). One can assume that
the mantle *He is associated with other more
abundant mantle volatiles—certainly CO,,
and perhaps water. For instance, the upper
mantle, as defined by midocean ridge basalts,
has a CO,/°He ratio of ~10'° (22). The San
Andreas system thus may have a CO, flux of
~10'"! mol/year.

At seismogenic depths, the density and
viscosity of CO, are comparable to those of
water, and a significant CO, flux into the
fault zone could help generate and maintain
the high pore pressures necessary for fault
weakening (9, 23). The pore pressure in-
duced by the CO, flux depends on perme-
ability. The permeability of the lower crust
is unknown. One extreme is to assume a
constant permeability. Then, for a reason-
able porosity (0.01) and rock compressibil-
ity (107* MPa™1), the *He calculated CO,
flux implies a permeability of ~1072! m? to
maintain high pore pressures through the
ductile region and into the seismogenic
zone (23). Although this is at the lower end
of permeability measured in various rock
types, it is probably a lower limit because of
the likely addition of nonmantle CO, to
the system from metamorphic decarbon-
ation reactions in the lower crust. CO,/*He
ratios in most of our samples exceed, at
times by >1000, the mantle value of 10'°,
and 8'°C values range from —3 to —15 per
mil, indicative of additional nonmantle
CO, sources. Alternatively, if we assume
that permeability decreases exponentially

with. depth at a rate scaled to a linear

increase in stress, then at the base of the
seismogenic zone superhydrostatic pressures
imply fault zone permeability of ~10718 m?
(9). In this context, fault weakening by
mantle fluid inflow at the rate implied by
the *He flux appears plausible.

We do not know if our sampled features
tapped fluids directly from a fault zone or
from outside in the adjacent crust. Despite
this uncertainty, the flux of mantle He
through the system requires a brittle-ductile
boundary that is permeable and that sup-
ports the fault-weakening model calling for
high fluid pressures in the fault zone driven
by a mantle source (9). Movement of man-
tle fluids up through the ductile root zone
into the San Andreas system requires that
fluid pressures in the lower crust are at
lithostatic values and that fluids are direct-
ed by the local stress regime in a manner
similar to rising magmas (24). If we have
sampled fluids directly from fault zones,
then the observation that mantle helium is
mixed with fluids from the adjacent crust
implies that elements of both models (6-9)
are important. Because weakness of the
fault system is generated by high fluid pres-
sures in the fault zone relative to the sur-
rounding crust, infiltration of crustal fluids

S S T Y T D A e e

into the fault zone requires episodic rever-
sals of the fluid pressure gradient. Within
the seismogenic zone of the fault, local in-
creases in fault-zone porosity induced by
fault failure may temporarily lower the fluid
pressure, permitting infiltration of crustal
fluids (25).

Numerous models for the lithospheric
structure of the San Andreas system have
been proposed. In some (26), the San An-
dreas and other major strike-slip faults ex-
tend to Moho depths. In others (1, 27), the
San Andreas and other faults are limited to
the brittle upper crust and sole out into a
regional decollement, which may extend as
far east as the Sierra Nevada. In the latter

models, major faults could tap fluids from

an extensive decollement, which in turn
might tap mantle fluid sources in regions far
removed from the surface expression of the
faults. These models may provide a reason-
able explanation for the enigmatic *He ex-
cesses in Mercey Hot Springs and in San
Joaquin gas fields (16, 28). A mantle fluid
source region extending as far east as the
Sierra Nevada is also consistent with recent
models for the lack of subcrustal lithosphere
beneath the eastern Sierra Nevada (29),
and the hypothesized presence of mantle
CO, in soda springs emerging near the crest
of the Sierra Nevada (30).
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Evolution of the Pacific-Antarétic Ridge
South of the Udintsev Fracture Zone

Louis Géli,* Henri Bougault, Daniel Aslanian, Anne Briais,
Laure Dosso, Joél Etoubleau, Jean-Pierre Le Formal,
Marcia Maia, Hélene Ondréas, Jean-Louis Olivet,
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Anjana Shah, lvan Vlastelic, Michiko Yamamoto

Because of the proximity of the Euler poles of rotation of the Pacific and Antarctic plates,
small variations in plate kinematics are fully recorded in the axial morphology and in the
geometry of the Pacific-Antarctic Ridge south of the Udintsev fracture zone. Swath
bathymetry and magnetic data show that clockwise rotations of the relative motion
between the Pacific and Antarctic plates over the last 6 million years resulted in rift
propagation or in the linkage of ridge segments, with transitions from transform faults
to giant overlapping spreading centers. This bimodal axial rearrangement has . propa-
gated southward for the last 30 to 35 million years, leaving trails on the sea floor along
a 1000-kilometer-long V-shaped structure south of the Udintsev fracture zone.

Because of its remoteness, the Pacific-
Antarctic ridge (PAR) south of the Udint-
sev fracture zone (FZ) remained poorly
known until the recent past (I). From
satellite gravity data, it has been predicted
(2) that morphological transitions. occur
along the ridge axis as the spreading rate
increases with distance from the Euler
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pole of rotation between the Antarctic
and Pacific plates: from 54 mm/year near
65°S up to 74 mm/year at its intersection
with the Udintsev FZ, near 55°S (3). Sat-
ellite gravity data (4) also reveal a large-
scale V-shaped structure that extends for
more than 1000 km south of the Udintsev
FZ and separates two domains (Fig. 1): one
of rough sea floor, with many well-marked
fracture zones as is typical of slow spread-
ing centers, and one of smooth sea floor, as
is typical of fast spreading centers. Sahabi
et al. (5) proposed that this V-shaped
structure may reflect a change in axial
morphology south of the Udintsev FZ that
progressively propagated southward during
the last 30 million years (My). To analyze
this region and test this hypothesis, the
French research vessel (R/V) L’Atalante
(6) explored an 1800-km-long section of
the ridge, extending between 65°30’'S,
174°40'W and the Udintsev FZ, in Janu-
ary and February of 1996 (Fig. 1).

The PAR south of the Udintsev FZ is
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divided into three domains of dif-
ferent morphological signatures (Fig. 2).
The southern area, between 65°30’S,
174°40'W and 64°40’S, 172°W, has an
axial, valley-type morphology similar to
that observed at slow to intermediate
spreading centers. The northern area,
northeast of 63°10’S, 157°20’'W, has an
axial, dome-type morphology characteris-
tic of fast spreading centers. In between, a
transition zone extends for 800 km along
the axis of the PAR.

In the south, the discontinuities sepa-
rating the 80-km-long segments are curved
and resemble overlapping spreading cen-
ters (OSCs) (Fig. 2). In the transitional
domain, the ridge morphology alternates
from a flat axial dome to a shallow axial -
valley, and most often the across-axis to-
pographic relief is subtle. A large propa-
gating rift (PR) is present near 167°20"W,
63°48'S (Fig. 3) and a second, smaller one
near 63°15’S, 165°10"W. Both PRs appear
to have initiated at the Heirtzler FZ. By
extrapolating the pseudofault traces up to
this FZ, we estimate that the large PR
formed about 2.5 million years ago (Ma),
and the younger one about 0.8 Ma. In the
northern domain, an axial dome is present
at an average depth of 2300 m. How-
ever, a rifted high region (near 57°S, for
instance) that evolves into an axial
graben (south of the 58°20'S OSC, for
instance) appears in some places. The
ridge axis is offset by three right-lateral
transform faults (TFs): the Le Géographe
TF near 62°10'S, the L’Astronome TF
near 59°30'S, and the Saint-Exupéry
TF near 57°30'S (7). The ridge axis is also
interrupted by four left-lateral nontrans- -
form offsets, three OSCs near 62°30'S,
60°20'S, and 58°20’'S, respectively, and
one deviation of axial linearity near
57°10’S. Near 61°10’S, a nontransform
offset can be inferred from satellite altim-
etry, but it was not covered during our
cruise.

The variation in spreading rate con-
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