that actually occurred. Furthermore, the
native feldspar grains collected from uncon-
taminated regions of the aquifer showed
little evidence of chemical weathering,
consistent with the expected inorganic dis-
solution rate (10).

Bacteria were located at or near the etch
pits. The etch pits, however, are not at the
actual contact surface of the microbes, and
the distinctive shape and extent of etching
suggest that the mineral surface is in con-
tact with an aqueous weathering fluid. We
postulate that surface-adhering bacteria cre-
ated a reaction zone in their immediate
vicinity in which organic acids, produced
within the cell and released extracellularly,
were concentrated at the cell solution—
mineral interface (Fig. 3). During metabo-
lism, organic substrate was consumed by
heterotrophic bacteria, whereas enzymes
and metabolic by-products such as organic
acids were exported from the cell interior to
the nearby fluid environment. A gradient
in chemical potential was produced be-
tween the cell surface and the surrounding
bulk fluid. High concentrations of these
by-products may be present in the near
vicinity of the microorganisms. Within this
microenvironment, complex organic acids
chelated SiO, at the quartz surface and
dissolved the mineral even though the bulk
pore water was supersaturated with respect
to the dissolving mineral. Silica, and pos-
sibly alumina, thus chelated and in solu-
tion, is available for transport away from
the dissolution site along the ground-water
flow path.

The activity of indigenous microorga-
nisms may represent a previously over-
looked factor in modeling subsurface
geochemistry. In addition, those geochem-
ical processes reported may represent an
alternative mechanism for the generation of
secondary porosity in low-temperature (up
to 70°C) sedimentary basins.
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Fault Zone Connectivity: Slip Rates on Faults in
the San Francisco Bay Area, California

Roger Bilham and Paul Bodin

The slip rate of a fault segment is related to the length of the fault zone of which it is part.
In turn, the slip rate of a fault zone is related to its connectivity with adjoining or contiguous
fault zones. The observed variation in slip rate on fault segments in the San Francisco Bay
area in California is consistent with connectivity between the Hayward, Calaveras, and San
Andreas fault zones. Slip rates on the southern Hayward fault taper northward from a
maximum of more than 10 millimeters per year and are sensitive to the active length of the

Maacama fault.

The mean recurrence interval between
damaging earthquakes on a fault is deter-
mined in part by its slip rate (I1). Slip rate
data are obtained by summing the moments
of historic earthquakes (2) or by direct
observation of the offset rate of geological
features (3). Historic summations of seismic
moment are inaccurate where the instru-
mental or written record endures for fewer
than several earthquake cycles, as in Cali-
fornia. Moreover, exhumation of faults to
learn their historic slip rates can result in
inaccurate estimates of slip rate at seis-
mogenic depths because slip may be distrib-
uted over a wide region. For example, no
surface evidence for fault slip exists for the
inferred 1.8 m of dextral slip that accom-
panied the 1989 Loma Prieta earthquake
(4), and slip on the nearby San Andreas
fault during the 1906 San Francisco earth-
quake was significantly underestimated by
observed fault offsets (5). Relative plate
motion between the Pacific and North
American plates is distributed principally
among faults of the San Andreas system, a
branching network of interconnected fault
zones (6). Although detailed geodetic stud-
ies show the distribution of velocities across
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the plate boundary, these data do not con-
tribute to our understanding of long-term
slip rates on mapped faults. The observed
deformation field may be generated by sev-
eral plausible but non-unique distributions
of slip on faults in the plate boundary (7).
In this report we examine an alternative
method to estimate the relative slip rates of
faults in a complex plate boundary based on
the geometry and mechanical linkage of
mapped faults. In our proposed model we
assume that the long-term slip rates of faults
are determined by their current and evolv-
ing geometries.

For a wide range of fault lengths, the
total geologic offset of a fault zone increases
with fault zone length (8). Total offset is a
maximum near the center of the fault zone
and decays to small values near its ends.
Similarly, the coseismic slip on an individ-
ual rupture increases with rupture length
(9) and decays to zero at the ends of the
rupture. Slip amplitude and distribution are
influenced by the strain at failure (10), the
geometry of the fault (I1, 12), and the
aspect ratio of the rupture surface (13).
Earthquakes seldom rupture an entire fault
zone. Instead they rupture segments or
groups of segments that together result in
the observed total offset of faults (14). As a
result (Fig. 1), the slip rate of a segmented
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fault zone has a maximum near its center and
its mean slip rate is proportional to its length
for a given strain at failure. The calculations
in Fig. 1 apply to the release of elastic strain,
and it is clear that inelastic deformation
must be responsible for the observed total
geologic slip of many fault zones (15). How-
ever, we assume that this inelastic deforma-
tion is driven by stress geometries similar to
those accompanying elastic models.
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Fig. 1. Fault segments subjected to an applied
shear strain (27 microstrain, in this case) slip
less in isolation than when connected. Rupture
of a fault zone typically occurs in earthquakes
that rupture one or more contiguous segments,
which release a fraction of the total slip propor-
tional to the rupture of the entire fault zone. It
follows that more earthquakes of a given size
must occur near the center of the fault zone and
thus that the slip rate is higher there than near
the ends where the fault is pinned. Slip was
calculated from a boundary element model of
an elastic plate subject to antisymmetric dis-
placements parallel to the mean strike of the
fault (17).
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Fig. 2. Slip rate as a function of fault zone
length in California. Vertical error bars indicate
mean fault zone slip rate from published com-
pilations (1, 16, 29, 30), weighted according to
the fractional length of the fault zone to which
the observations apply. Filled circles indicate
mean slip rates adopted in conservative seis-
mic hazard studies (76). Vertical lines indicate
slip rates for faults in the Los Angeles Basin
(81). There is no general consensus on the
length or slip rate appropriate for the San
Gregorio—Hosgri fault zone. Models developed
in this report suggest that the mean slip rate
may be less than 4 mm/year.
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Slip rate data on California fault zones
are consistent with this inferred relation
between slip rate and fault zone length (Fig.
2). For example, slip rates approach a max-
imum near the center of the San Jacinto
fault zone and are a minimum near each
end (16). We conclude from Fig. 2 that it
may be possible to estimate the slip rate of
a fault segment where the effective fault zone
length is known or the fault zone length
where the distribution of slip rate is known.
The first is important in estimating the
recurrence time for earthquakes of a given
size on a fault, and the second is of value in
estimating the maximum possible length of
earthquake rupture on a fault zone.

The nature of mechanical coupling be-
tween segments is irrelevant to this discus-
sion, although recent investigations show
that some faults are considerably simpler at
depth than at surface (17). The connec-
tivity we perceive may result from a ductile
process below the seismogenic zone, a yield-
point process at offsets between fault seg-
ments, or a distributed rupture process as-
sociated with occasional throughgoing rup-
ture between segments. A difficulty arises,
however, in quantifying this connectivity
from fault geometry alone. For example,
uncertainties in the lengths of fault zones
shown in Fig. 2 arise from subjective deci-
sions related to the inclusion of fault seg-
ments of questionable activity near the ends
of fault zones. They also result from ques-
tions about whether to include subparallel
fault segments, or other fault zones, that are
significantly offset (>5 km) from the fault
zone in question. The relation in Fig. 2 is

perhaps surprising because it does not ac-
count for the interaction of active fault
zones, their number, or local variations in
the strain rate applied to them. Thus,
although the relation suggests a useful
method for evaluating seismic hazard in a
plate boundary, numerical evaluation of the
distribution of slip is considered desirable in
any specific region. As an example, we
estimated slip rates on fault zones near San
Francisco Bay.

We modeled fault segments (Fig. 3) as
vertical frictionless dislocations in an elas-
tic plate of uniform thickness. The plate
was subjected to antisymmetric displace-
ments at an azimuth and rate appropriate to
the inferred local plate slip vector (18).
Boundary element methods were used to
determine the amount of slip along the
strike on each fault (19) that was required
to minimize stresses in the plate. These
stresses resulted from the plate boundary
displacements and from the simultaneous
slip of all other fault elements in the plate
boundary (11). The calculated distribution
of slip along the Calaveras and Hayward
fault zones depended on the way we con-
nected fault segments.

The plate boundary slip rate at this
latitude is approximately 38 mm/year (7),
absorbed largely by the throughgoing San
Andreas fault. As the connectivity between
fault segments was increased, slip rates de-
creased on the San Andreas fault and in-
creased on the Hayward and Calaveras
faults (Fig. 3). They increased northward
on the Hayward fault zone if the Maacama,
Rodgers Creek, and Hayward faults were

N. San Andreas 25
Rodgers Creek 912

N.Hayward 942

Peninsula San
Andreas 19+4

Fig. 3. California plate boundary showing fault zones and boundary element models for slip in the
Bay area (inset). Faults: M, Maacama; RC, Rodgers Creek; H, Hayward; SG, San Gregorio; Ho,
Hosgri; R, Rinconada; SA, San Andreas; GV, Green Valley; C, Concord; Ca, Northern Calaveras;
Cb, Central Calaveras; P, Paicines. Rates on the San Andreas fault are indicated but not graphed.
Slip rates lower than observed characterize the isolated faults shown in (A). Increased fault zone
connectivity in (B) and (C) resulted in increased slip rates on the Hayward, Calaveras, and San
Gregorio fault zones. The Mission fault links the Hayward and Calaveras faults. (B) and (C) differ
only in the connectivity between the Maacama and Hayward fault zones and that between the
Calaveras and San Andreas fault zones. Values used in estimating probabilities of large earth-
quakes (1) are indicated in the margin to the right of (C).
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connected (Fig. 3B), but the maximum slip
rate on the south central Maacama fault
(10.7 mm/year) was larger than considered
reasonable (16), and the maximum slip rate
on the Calaveras fault (I) was smaller than
observed (9.8 mm/year). Better agreement
between model results and observed slip
rate data was obtained in a model in which
the Rodgers Creek, Hayward, and Cala-
veras faults were connected along strike and
the Maacama fault slipped in isolation
(Figs. 3C and 4). An extended Mission
fault (20) was invoked to link the Hayward
and Calaveras faults. To connect fault
zones elsewhere, we included short hypo-
thetical fault segments corresponding to
regions of diffuse seismicity. We found that
the slip rates on all the East Bay fault zones
(Fig. 4) were sensitive to the length of the
Maacama fault, which is estimated to be
between 110 and 160 km (21). In models in
which the Maacama fault was locked, the
mean slip rate on the Hayward fault did not
exceed 5 mm/year.

The models identified variations of slip
rate along each fault zone that were not
generally incorporated in seismic hazard
estimates. High-quality estimates of slip
rate have been traditionally applied uni-
formly to a fault segment and sometimes to
a whole fault zone. For example, a slip rate
of 9 + 2 mm/year (22) on the southern
Hayward fault has been adopted as the
mean slip rate for the entire Hayward fault
in revised estimates for earthquake proba-
bilities in the Bay area. Our models suggest-
ed that this mean rate is consistent with
observed slip rates on the San Andreas (I,
23) and Calaveras faults but that slip rates
decay from 11 * 1 mm/year near Fremont
on the Hayward fault to less than 7 mm/
year near Sonoma on the Rodgers Creek
fault. Slip rates on the San Gregorio zone
and the Rinconada fault were less than 4
and 2 mm/year, respectively. On the San
Gregorio and Hosgri faults, slip rates were
not strongly sensitive to connectivity and
were lower than mean published values. By
contrast, the slip rate on the southern

Calaveras fault was strongly sensitive to its
connectivity with the San Andreas fault, as
exemplified by the difference in slip rates
evident in Fig. 3, B and C. The Green
Valley fault has a surface creep rate higher
than that predicted by our models (24).
This may result from a surface creep tran-
sient higher than the long-term average
rate or from connections of the Green
Valley fault to active faulting to the north-
west (25). Slip rates on isolated fault seg-
ments in the region not associated with the
major zones that we treated are insignifi-
cant. Segments shorter than 20 km (Napa
and Greenville faults) slip at rates of less
than 1 mm/year. If the lengths and connec-
tivity of these smaller faults were known
precisely, data from the major fault zones
could be used to infer slip rates on many
active faults in the plate boundary for which
slip rate data are currently unavailable.
Only a finite number of combinations of
fault connectivity are possible with the fault
segments shown in Fig. 3A. We have ex-
plored all combinations that seem reason-
able to us. Given uncertainties in plate
velocity, observed slip rate, and mapped
geometry, we estimate that values in Fig. 3
are accurate to within 15%. However, our
models will be inaccurate if significant fault
segments remain unidentified along strike.
For example, seismic data suggest that ac-
tive faulting may continue in the subsurface
northwest of the Green Valley fault and
Maacama faults (25). If these faults are
connected with the Calaveras and Hayward
fault zones, this will result in new models in
which higher slip rates occur on the Hay-
ward and Calaveras faults at the expense of
slip on the northern San Andreas fault.
The boundary element model we have used
to estimate relative slip rates is simplistic in
that it is two-dimensional, ignores varia-
tions in elastic and frictional properties,
and is immune to variations in the thickness
of the elastic plate, basal traction, and the
dip of faults. The inclusion of more realistic
parameters (26) would refine estimates of
slip rates in the plate boundary. However,
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Fig. 4. Slip rates on the Hayward and Calaveras fault zones estimated with the fault connectivity in Fig.
3C. Observed values for slip are indicated by vertical lines (22) and by a cross (23). The upper limits of
the outlined areas are the fault slip rates we anticipated from a Maacama fault 151 km long; the lower
bounds correspond to a Maacama fault 110 km long. Long horizontal lines indicate preferred slip rates
adopted by various authors for the Maacama (76), Hayward, and Calaveras faults (7).
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the important features of the model are
dominated by the lengths of faults, their
geometries, and their interactions.

The inferred segment connectivity in
the Bay area may have implications for
seismic rupture. The combined lengths of
the Rodgers Creek, Hayward, and southern
Calaveras fault segments suggest that, were
they to fail simultaneously, the resulting
earthquake would be a magnitude (M)7.5
event, compared to current estimates for a
maximum M7 event (I). A larger event
(M7.7) would result from the simultaneous
rupture of the Maacama fault. However,
throughgoing rupture may be rare and our
results do not challenge current thinking on
segment-controlled rupture termination or
initiation. Offsets of more than 5 km on the
Anatolian fault zone appear capable of ter-
minating rupture (27). The recent Landers
earthquake in Southern California shows
that in some circumstances a rupture may
occur regardless of substantial offsets be-
tween fault segments (28). In addition, we
consider that simultaneous rupture of the
Maacama, Hayward, and Rodgers Creek
faults may be possible.

Fault segment length is clearly an impor-
tant factor in determining the slip rate of an
isolated segment; fault segment connec-
tivity and applied strain rate are of equal
importance in determining long-term slip
rates in a segmented fault zone. These rates
vary along the strike of discontinuous fault
zones and may be significantly modified by
interactions with neighboring fault zones. It
is thus inappropriate to apply point esti-
mates of slip rate to entire fault zones as is
now common practice. Once fault zone
connectivity has been determined, a limit-
ed set of high-quality slip rate estimates
within the fault system can be used to
constrain slip rates on other faults in the
system that may otherwise elude precise
geologic study. Whereas the physical pro-
cesses that result in connectivity between
segments remain obscure, it is evident that
some form of underlying mechanical link-
age is responsible for the observed system-
atic behavior of faults in the San Francisco
Bay area. The collective fault zones that
constitute the California plate boundary are
appropriately named the San Andreas fault
system.
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Mass-Spectrometric 23°Th-234U-238 Dating of the
Devils Hole Calcite Vein

Kenneth R. Ludwig,* Kathleen R. Simmons, Barney J. Szabo,
Isaac J. Winograd, Jurate M. Landwehr, Alan C. Riggs,
Ray J. Hoffman

The Devils Hole calcite vein contains a long-term climatic record, but requires accurate
chronologic control for its interpretation. Mass-spectrometric U-series ages for samples
from core DH-11 yielded 23°Th ages with precisions ranging from less than 1,000 years
(20) for samples younger than ~140 ka (thousands of years ago) to less than 50,000 years
for the oldest samples (~566 ka). The 234U/238 ages could be determined to a precision
of ~20,000 years for all ages. Calcite accumulated continuously from 566 ka until ~60 ka
atan average rate of 0.7 millimeter per 103 years. The precise agreement between replicate
analyses and the concordance of the 23°Th/238U and 234U/238U ages for the oldest samples
indicate that the DH-11 samples were closed systems and validate the dating technique

in general.

Core DH-11 of the Devils Hole (DH)
calcite vein contains a continuous record of
stable-isotopic variation in Great Basin
ground water for most of the past several
hundred thousand years (1). Spectral anal-
yses of 180 and 1*C records of DH-11, as
well as inferences on timing of glacial-
interglacial transitions (1), rely on the ac-
curacy of the chronometric control. To
provide this control, we determined mass-
spectrometric (MS) uranium-series ages (3)
for 21 samples across DH-11, using repli-
cate analyses to validate estimates of uncer-
tainty.

For each analysis, ~300 mg of calcite
chips were selected for visual purity and
freedom from porosity. The chips were ul-
trasonically cleaned, dissolved in HNO;,
spiked with 22°Th, 23U, and #*°U, and
purified with conventional ion-exchange
methods. The purified U and Th were
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loaded with colloidal graphite on separate
Re filaments (3) and analyzed in an auto-
mated mass spectrometer (4). To evaluate
both the precision and accuracy of the
dates, we examined possible sources of bias
and external variance in the measurements
(5) using instrumental checks (6) and two
levels of replicate analyses. Thus, we have
not relied on precision estimates arising
solely from the internal statistics of the
mass-spectrometric analyses.

The primary standard for this study was a
solution of Precambrian uraninite that has
been shown to be in secular equilibrium
(7). Analyses of spiked aliquots of this
standard were performed after every few
samples and provide a test of the reproduc-
ibility of single analyses. The mean single-
analysis precision of 23°Th/?38U for the
secular-equilibrium standard was 0.24%
(20, 12 analyses, no apparent external vari-
ance) (5, 8). For 2*U/*%U, a proxy for
2341J/238U, the mean single-analysis preci-
sion was 0.31% (20, 29 analyses), includ-
ing a resolvable external error of 0.25% (5,
9). Therefore, an additional variance cor-
responding to the 0.25% external error was
added to the internal variance for each
B4U/5U  analysis. The weighted-mean




