
key components of our microscope are stan- 
dard items in commercial product lines. 
This will make the technique easily acces- 
sible to a large community of materials sci- 
entists. The limited optical spectral resolu- 
tion resulting from the large room-temper- 
ature zero phonon linewidth (FWHM = 30 
cm-' at T = 300 K) can be ~ a r t l v  overcome 
by magnetic resonance. ~ u &  ODMR spec- 
tra contain a ereat varietv of structural in- - 
formation; for example, on the distribution 
of other impurities around the center (24) 
or the local strain in the diamond lattice, as 
demonstrated here. More sophisticated 
ODMR experiments, including the use of 
ultrahigh magnetic field gradients (28) and 
ground-state nuclear magnetic resonance 
experiments, can be envisaged. The combi- 
nation of these techniaues with o~t ica l  mi- 
croscopy allows detailed material character- 
ization at a local level that is otherwise 
masked by ensemble averaging. 
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Creep Response of the Hayward Fault to Stress 
Changes Caused by the Lorna Prieta Earthquake 
James J. Lienkaemper,* Jon S. Galehouse, Robert W. Simpson 

In 1996, an 18-millimeter creep event, the largest ever observed on the Hayward fault, 
occurred between surveys 63 days apart. This event marked the end of a period of 
severely reduced creep on the southern part of the fault that began after the 1989 Loma 
Prieta, California, earthquake. The reduction in creep was consistent with elastic models 
for earthquake-induced static stress changes on the Hayward fault. These data suggest 
that creep observations can indicate regional stress changes of about 1 bar or less. 

Earthquake models generally assume that 
stress across   late tectonic boundaries in- 
creases steadily with time. However, large 
earthauakes can ~e r tu rb  the stress field act- 
ing on neighboring faults (1). We present 
evidence that the Loma Prieta earthquake 
affected the dynamics of creep on the near- 
by Hayward fault. 

The probability of a magnitude (M) 7 or 
larger earthquake in the next 30 years on 
the Hayward fault is 45% (2), and it is 
thought to be the most hazardous fault zone 

in the San Francisco Bay region. The Hay- 
ward, a major branch of the San Andreas 
fault system, exhibits creep along at least 68 
km of its <I00 km length (Fig. 1). Creep 
rates over the past several decades vary 
along the fault from -9 mm/year near the 
south end to -3 mmlyear in northern Oak- 
land (3). The average rate for most of the 
fault is 4.8 mm/year (3). For decades before 
the 17 October 1989 Loma Prieta earth- 
quake, creep rates at several monitoring 
sites, averaged over a few years, had gener- 

Fig. 1. Calculated static stress changes produced by Loma Prieta earthquake. Oblique view eastward 
of the San Francisco (SF) Bay region, California, shows the San Andreas fault system. Colored patches, 
mostly 10 km long by 13 km deep, show calculated changes in horizontal shear stress for each fault (4, 
5). A red gradient indicates greater loading on a fault; blue indicates some relaxation of plate-tectonic 
driving stress. California map shows orientation of area in view, with the coastline in black for reference 
and active faults in brown. Faults are vertical, except the 1989 Loma Prieta earthquake rupture (12), 
shown in yellow, dips 70" SW. The 70-km-long, creeping Hayward fault trace is magenta; stress is 
computed at a grid size of 2 km. Locations: P, Point Pinole; 0, Oakland; H, Hayward; F, Fremont; and 
CR, Calaveras Reservoir. Other faults: GVF, Green Valley; CF, Concord; NCF, Northern Calaveras; 
SRGF, Sargent; RCF, Rodgers Creek; and SGF, San Gregorio. 
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ally been steady (3). However, the M7.0 
Loma Prieta earthquake, the largest in the 
region since the M7.8 earthquake in 1906, 
caused significant change in creep rate 
along most of the fault (3). Here, we 
present our observations of creep rate 
changes since the Loma Prieta earthquake, 
showing that these rate changes correlate 
well with calculated stress changes, both 
spatially (along strike; Fig. 2 and 3) and 
temporally by suppression of creep rates for 
a few years. Locations (for example, km 63) 
refer to the grid in Fig. 2A. 

Using a three-dimensional elastic-dislo- 
cation model. we calculated ex~ected 
changes in the regional stress field produced 
by the Loma Prieta earthquake (Fig. 1). 
This and similar models (4-6) imply that 
the Loma Prieta earthauake likelv relaxed 
stress on the ~a~ward'fault  and'acted to 
delay large earthquakes on the Hayward 
fault by a few years. Long-term effects are 
less certain as the calculated reduction in 
fault-normal stress may weaken the fault. 

We measured creep precisely (survey 
error of <1 mm), using a first-order the- 
odolite on three-point arrays (7). A few 
arravs were installed as earlv as 1966. and 
we recovered many lapsed older ones for 
this studv. .Since 1980. five arravs have 
been measured at bimonthly intervals. We 
added many new arrays since 1988, but 
survey intervals at these sites were irregu- 
lar until mid-1992. The post-Loma Prieta 
creep rates shown in Fig. 2 were from 22 
arrays where we had data for a 2.5- to 
3-year interval following the 1989 earth- 
quake. We used pre-Loma Prieta rates ob- 
served at the same locations as ~ost-Loma 
Prieta array sites, except for one site where 
we used a rate from the weighted average 
curve. 

Although the post-Loma Prieta reduc- 
tion in creep is self-evident near the fault's 
south end, we also tested the more subtle 
reduction in creep to the north. Distin- 
guishing small changes in creep rate at one 
site is difficult, especially for postearth- 
quake rates, because they are short-term, 
and thus, more susceptible to nontectonic 
variance caused by such time-correlated ef- 
fects as differential swelling and shrinking 
of the soils near the survey marks from rainy 
to drv season (8). Such seasonal noise in . , 
creep is equally likely to be right- or left- 
lateral in sense at a site. To reduce the 
effect of seasonal noise, we ,averaged rates 
along the entire fault except for the south 
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Fig. 2. Observed creep rates and calculated 
stress changes. Both upper and lower graphs are 
plotted versus distance along the Hayward fault 
southward from Point Pinole (P, Fig. 1). Errors (24 
are for five bimonthly arrays; the rest show typical 
random walk error (8). (A) Rates before Loma 
Prieta earthauake (solid svmbols) are indicated 
by: triangles,'surve& arrays; sq"ares, surveyed 
offset cultural features--many reflecting decades 
of creep; Thick line, weightedaverage. Rates after 
the Loma Prieta earthquake (circles, post-LPEQ) 
until mid-1992; thin line, weighted average. (B) 
Stress changes expected from the Loma Prieta 
earthquake as shown in Fig. 1. Thick line indicates 
right-lateral (positive) horizontal shear component; 
thin line indicates fault normal stress changes, 
unclamping (positive). Hence, static stress chang- 
es on the fault are mostly left-lateral. 

end that crept -9 mmlyear. For the 17 sites 
with a 2.5- to 3-year-long sample of post- 
Loma Prieta creep, the fault crept at 4.79 + 
0.17 mm/year before the earthquake and 
3.32 + 0.47 mm/year after it. Despite the 
larger error in the data after Loma Prieta, 
this mean creep rate is distinctly lower than 
the long-term preevent rate. 

The observed changes in creep corre- 
spond with calculated static stress changes 
(Fig. 3). The comparison suggests that the 
slowdown in creep was caused by the gen- 
eral d r o ~  in static stress ex~ected for the 
fault. An alternative explanation is that a 
regional seasonal effect slowed creep, for 
example, the unusually strong drought con- 
dition that prevailed during 1986 to 1991. 
However, the data record is too brief to test 
the effect of prolonged drought on creep 
(3). Contrary to a drought explanation, we 
would not expect the greatest. slowing of 
creep to be only along the southernmost 
part of the fault. The drought was no greater 
at the south end of the fault; however, 
much larger stress drops were expected 
there. 

- 1 Static stress change, 0 

right-lateral component (bar) 

Fig. 3. Observed changes in creep rate versus 
calculated shear stress changes. Changes in 
creep rate are from data shown in Fig. 2; right- 
lateral is positive. Static stress changes are as 
shown in Figs. 1 and 2. 

-10 '  1990 " ' 1992 ' ' 1994 ' ' 1996 ' I 
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Fig. 4. Creep observed at an array near the south 
end of Hayward fault after the Loma Prieta earth- 
quake. Creep rate at this location was -9 mm/ 
year (km 66.3) for decades before the earthquake, 
but was nearly zero thereafter until a large creep 
event in 1996. . 

Long-term. dextral shear stress increases 
across &e ~ a k a r d  fault at -0.15 barlyear 
(9). Thus, 6 to 7 years would be required for 
full recovery of creep rates at the south end 
of the fault after a stress drop of 1 bar. Near 
the south end of the fault (km 66.3), a 
pronounced recovery occurred in the form 
of the largest creep event ever measured on 
the fault (Fig. 4) (10). An 18-mm creep 
event occurred in the 63 days preceding a 
survey on 17 February 1996. Most of the 
fault had resumed creeping at rates at or 
near preLoma Prieta levels by 1994. A 
sudden resum~tion of fast creeD in 1996. 
near the sou& end of the faultL(km 65 td 
67) ( 1 1 1. seems to indicate a full recoverv , . ,. 
from the stress relaxation expected from the 
Loma Prieta earthquake, and within a year 
or two of our model. 

We conclude that a regional stress 
change of -1 bar, small in the context of 
earthquake stressing cycles, seems to change 
creep rates enough to be detected. Thus, 
any future changes in stress large enough to 
significantly advance or retard expected re- 
currence times of major earthquakes should 
also change creep rates noticeably. 
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\ Single Polymer Dynamics 
in an Elongational Flow 

Thomas T. Perkins, Douglas E. Smith, Steven Chu* 

The stretching of individual polymers in a spatially homogeneous velocity gradient was 
observed through use of fluorescently labeled DNA molecules. The probability distri- 
bution of molecular extension was determined as a function of time and strain rate. 
Although some molecules reached steady state, the average extension did not, even after 
a -300-fold distortion of the underlying fluid element. At the highest strain rates, distinct 
conformational shapes with differing dynamics were observed. There was considerable 
variation in the onset of stretching, and chains with a dumbbell shape stretched more 
rapidly than folded ones. As the strain rate was increased, chains did not deform with 
the fluid element. The steady-state extension can be described by a model consisting 
of two beads connected by a spring representing the entropic elasticity of a worm-like 
chain, but the average dynamics cannot. 

T h e  behavior of dilute polymers in elon- 
gational flow has been an outstanding prob- 
lem in polymer science for several decades 
(1,  2). In elongational flows, a velocity 
gradient along the direction of flow can 
stretch polymers far from equilibrium. Ex- 
tended polymers exert a force back on the 
solvent that leads to the important, non- 
Newtonian properties of dilute polymer so- 
lutions, such as viscosity enhancement and 
turbulent drag reduction. 

A homogeneous elongational flow is de- 
fined by a linear velocity gradient along the 
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direction of flow such that v, = E y ,  where E 
av,/dy, the strain rate, is constant. Theory 

suggests that the onset of polymer stretch- 
ing occurs at a critical velocity gradient or 
strain rate of E, of 

where T~ is the longest relaxation time of 
the polymer (3). For 8 < E,, the molecules 
are in a "coiled" state. But as E is increased 
above E,, the hydrodynamic force exerted 
across the polymer just exceeds the linear 
portion of the polymer's entropic elasticity, 
and the polymer stretches until its nonlin- 
ear elasticity limits the further extension of 
this "stretched" state. De Gennes predicted 
that this "coil-stretch transition" would be 

sharuened bv an  increase in the hvdrodv- 
namic drag df the stretched state relative ;o 
the drag of the coiled state (1 ). " 

In many types of elongational flows, 
such as flow through a pipette tip, the res- 
idency time t,,, of the polymers in the ve- 
locity gradient is limlted. To  increase t,,,, 
flows in which there is a stagnation point 
are often used. As molecular traiectories 
approach the stagnation point, t,,, diverges. 
The classical techniques for inferring the 
degree of polymer deformation have been 
light scattering (4,  5 )  and birefringence 
(6-9). For example, Keller and Odell re- 
ported a rapid increase in the birefringence 
for E above E, followed by a saturation (6). 
Such saturatibn was interpreted as an  indi- 
cation that the polymers had reached equi- 
librium in a highly extended state (10). 
Molecular weieht analvsis showed some " 
chains are fractured in half, further support- 
ing the hypothesis that the polymers 
reached full extension (8, 1 1 ). However, 
light-scattering experiments imply deforma- 
tions of only two to four times the equilib- 
rium size (4,  5). But, these "bulk" measure- 
ments average over a macroscopic number 
of molecules with a broad range of t,,,. 
Moreover, only recent experiments have 
been dilute enough to prevent the polymers 
from altering the flow field (9). 

Many rheological effects also remain un- 
explained. James and Saringer measured a 
pressure drop in a converging flow that was 
significantly greater than that predicted by 
simple models (1 2). Recently, Tirtaatmadja 
and Sridhar measured extensional viscosi- 
ties q, in filament stretching experiments 
that were several thousand times greater 
than the shear viscosities (13). A t  large 
deformations, qE saturated, suggesting again 
that the polymers were fully extended. 
However, the measured stress was sienifi- 

u 

cantly lower than expected for fully extend- 
ed polymers, implying that full extension 
had not actually been achieved (14). Also, 
the stress relaxation in such exueriments 
contained both a strain-rate independent 
"elastic" and a strain-rate deoendent "dissi- 
pative" component. The molecular origin of 
the dissipative component is uncertain 
(15). Examples such as these indicate that, 
even after a tremendous amount of studv, 
the deformation of polymers in elongational 
flows is still poorly understood (14, 16). 

We  report the direct visualization of 
individual polymers in  an  elongational 
flow. The  conformation and extension of 
each molecule was measured as a function 
of E and t,,,, thereby eliminating the am- 
biguities in conformation and t,,,. We  fur- 
ther eliminated polymer-polymer interac- 
tions and polymer-induced alterations of 
the flow field by working with single iso- 
lated molecules. The  inherent uniformity 
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