
valves presently appear to be a synapomor- 
phy of post-Paleozoic discinids because tab- 
let imprints have been found on fossil dis- 
cinids but not on supposedly ancestral, Pa- 
leozoic orbiculoids (2). The larval shell of 
fossil discinoids, however, merits reinvesti- 
gation because imprints, which are seldom 
more than 50 nm deep, are commonly af- 
fected by degradation in living species and 
could be further obscured during fossiliza- 
tion. Moreover, larval shells of other early 
Paleozoic brachiopods with organophos- 
phatic shells, the acrotretides (13-15) and 
the lineulides Paterula (15) and botsfor- 

u . . 
dioids (16), bear imprints, ranging in size 
from 0.2 to over 2 u,m in close-~acked 
hexagonal arrays. These imprints have been 
intemreted as im~ressions of thicklv coated 
vesicies ( 13) forn;ing an  organic cover anal- 
ogous to the vesicular periostracum of tere- 
bratellids (17). There are, however, two 
kinds of imprints. Some, like those on bots- 
fordioid larval shells ( 16). are hemis~herical ~ , ,  

and could have been moulds of vesicles 
accumulating beneath an external pellicle. 
Many acrotretide imprints, however, are 
shallow and flat-bottomed (Fig. 4B) (4, 18, 
19) and could also have been made, like 
those ornamenting living discinid larvae, by 
biomineralized, possibly siliceous, tablets. 
There is ~resent lv no  evidence of direct 
descent of living discinids from this ancient 

Fig. 4. Comparison of the imprints on larval shell 
surfaces made by (A) tablets of proteinaceous 
silica in living Pelagodiscus atlanticus (King) and 
(B) tablets of unknown composition in Late Cam- 
brian Linnarssonella girtyi Walcott, Wilberns For- 
mation, Texas. Bar, 0.5 pm (A) and 5 pm (B). 

stock, and it is possible, although unlikely, 
that the association between silica and apa- 
tite evolved more than once in brachiopod 
phylogeny. 

The only siliceous metazoan remains re- 
corded from the Early Cambrian (or indeed 
throughout the geological record) are the 
intracellularly secreted spicules of sponges, 
suggesting that metazoan ability to secrete 
silica was restricted (20). However, degrad- 
able siliceous mosaics like those forming the 
larval shell of apatitic discinids might have 
been developed in other phyla but recorded 
on their fossils simply as superficial imprints 
and hitherto overlooked as indicators of 
biomineralization. 
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Anomalous Strain Accumulation in the 
Yucca Mountain Area, Nevada 

Brian Wernicke, James L. Davis, Richard A. Bennett, 
Pedro Elosegui, Mark J. Abolins, Robert J. Brady, 
Martha A. House, Nathan A. Niemi, J. Kent Snow 

Global Positioning System (GPS) surveys from 1991 to 1997 near Yucca Mountain, 
Nevada, indicate west-northwest crustal elongation at a rate of 1.7 2 0.3 millimeters per 
year (1 a) over 34 kilometers, or 50 ? 9 nanostrain per year. Global Positioning System 
and trilateration surveys from 1983 to 1997 on a 14-kilometer baseline across the 
proposed repository site for high-level radioactive waste indicate that the crust extended 
by 0.7 to 0.9 ? 0.2 millimeter per year (50 to 64 ? 14 nanostrain per year), depending 
on the coseismic effect of the M, 5.4 1992 Little Skull Mountain earthquake. These strain 
rates are at least an order of magnitude higher than would be predicted from the 
Quaternary volcanic and tectonic history of the area. 

Strain buildup on major plate boundary 
fault zones appears to be relatively contin- 
uous between major earthquakes, which re- 
cur every few centuries. But is this also true 
of faults in more diffusely deforming in- 
traplate settings, where recurrence intervals 
are several to tens of millennia? Or does 
strain accumulate rapidly in brief episodes, 

perhaps migrating from region to region? 
The answer is fundamental to the physics of 
the earthquake cycle and for hazards assess- 
ment, but has remained elusive because of 
the difficulty of measuring the low strain 
rates characteristic of intraplate settings. 
Here we use GPS measurements to examine 
this issue near Yucca Mountain, Nevada. 
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Yucca Mountain is under consideration 
as a site for permanent disposal of high- 
level radioactive waste. An im~ortant  con- 
sideration in evaluating the site is whether 
tectonic or volcanic events might cause the - 
release of unacceptable amounts of radioac- 
tivity into the environment over the life- 
time of the repository (the next 10,000 to 
100,000 years). If the area is within an 
interval of accelerated activity, then the 
potential hazards would be underestimated 
on the basis of the long-term geologic 
record. 

Yucca Mountain is one of numerous 
range blocks situated in the Basin and 
Range province, a wide region of diffuse 
intraplate strain characterized by roughly 
east-west to northwest-southeast tectonic 
extension and shear. Both Yucca Mountain 
and Little Skull Mountain to the east (Fig. . - 
1) contain a set of north-trending, domino- 
like fault blocks. Most of the exposed rocks 
are middle Miocene [-I3 million years ago 
(Ma)] ~yroclastic flows that have been tilt- 
ed gently eastward along west- to north- 
west-dipping normal faults (1, 2). 

The basis for volcanic hazards assess- 
ment are several Quaternary, low-volume 
basaltic eruption centers near the proposed 
repository site (3). Four centers on Crater 
Flat, crudely aligned parallel to the faults at 
Yucca Mountain, developed at -1.0 Ma 
(4), and a fifth at the southern terminus of 
Yucca Mountain (Lathrop Wells cone) de- 
veloped between 0.01 and 0.14 Ma [Fig. 1 
(4, 3 1 .  The ~rincipal seismic hazards are: 
(i) the active Bare Mountain fault [Fig. 1 
(6, 7)], (ii) Quaternary faults within or near 
the repository site (8), and (iii) active faults 
in the Jackass Flats area, based on the 29 
June 1992 M, 5.4 Little Skull Mountain 
earthquake (9, 10). 

Determining the contemporary deforma- 
tion rates in the area is a direct approach to 
addressing these hazards. A trilateration 
network centered on Yucca Mountain, oc- 
cupied in 1983, 1984, and 1993 by the U.S. 
Geological Survey (USGS) indicated that 
east-west extension across the region was 
<50 nanostrain per year (nstrlyear) (c2.5 
mm/yr across an aperture of 50 km); the 
uncertainties in the data allowed that there 
was no motion (1 1 ). 

To improve on these estimates, we con- 
ducted GPS surveys beginning in 1991 of 
an array of five geodetic markers crossing 
the ~ r o ~ o s e d  repository site, from Bare 
Mountain to Jackass Flats (12) (Fig. 1). 

B. Wernicke, M. J. Abolins, R. J. Brady, M. A. House, 
N. A. Niemi, J. K. Snow, Division of Geological and Plan- 
etary Sciences, California Institute of Technology, Pasa- 
dena, CA 91 125, USA. 
J. L. Davis, R. A. Bennett, P. E16segui, Haward-Smithso- 
nian Center for Astrophysics, Cambridge, MA 02138, 
USA. 

Stress measurements in boreholes on Yucca 
Mountain indicate that the stress regime is 
one of nearly pure normal faulting and that 
the the least principal stress is oriented 
N60°-65"W (1 3). The GPS array was ori- 
ented parallel to this direction and to the 
mean tensional axis of the Little Skull 
Mountain earthquake sequence (9), and 
perpendicular to the north to northwest 
strike of mapped normal faults and the 
trend of the 1.0 Ma volcanic centers on 
Crater Flat (Fig. 1). The expected secular 
strain field from these tectonic and mag- 
matic features is west-northwest extension. 

The GPS surveys from 1991 to 1997 
(Figs. 2 and 3) show that all four southeast- 
e m  sites moved significantly (>99% confi- 
dence) eastward to southeastward at 1.0 
2 0.3 to 1.7 2 0.3 mmlyear (scaled la 

errors) relative to Claim (Fig. 3A) (14). 
Moreover, velocities appear to have in- 
creased southeastward in rough proportion 
to the distance from Claim (Fig. 3B); this 
pattern suggests that extension of -50 nstrl 
year has been uniform across the 34 km 
aperture of the network. The GPS results 
are thus in agreement with the expected 
strain field, and confirm an upper bound of 
east-west motion of -2.5 mmlyear from the 
USGS results ( I  1 ). 

Two sites in our array, Wahomie and 
Mile, are also part of the USGS network. 
They define a - 14 km baseline that crosses 
the proposed repository site (Fig. 1). We 
surveyed this baseline seven times between 
1991 and 1997, and combined the results 
with the USGS surveys, yielding a time se- 
ries of baseline lengths that includes a total 

Fig. 1. Map showing distri- 
bution of pre-Quaternary 4 
bedrock (dot pattern), geo- 9 
detic sites (triangles), and 
low-volume basaltic cen- 
ters, including -3.7 Ma 
centers (light gray shad- 
ing), and north-northeast- 
aligned -1.0 Ma centers 
(black, along trend shown 
by dashed line) and Lath- - 
rop Wells cone (black). Lo- 
cation of the proposed re- 
pository is just east of Mile. 
Main shock focal mecha- 
nism of the Little Skull Lathrop Wells Cone 
Mountain earthquake se- ' 116'-30'w 116"lsw 
quence (lower hemi- 
sphere, black indicates compressional first motion) is shown at the epicenter, with average orientation of 
P and T axes of the sequence (point and arrows marked P and T, respectively) from (9). 

Fig. 2. Time series of site po- 
sition estimates for the (A) 
north and (B) east compo- 
nents of the GPS data. To 
establish a geodetic refer- 
ence frame for this figure, the 
time-dependence of the po- 
sition of site Black is con- 
strained to follow a linear 
trend exactly (the estimates 
for this site are therefore not 
shown), such that the re- 
gressed slope of Claim is 
zero. The intersite velocities 
and scaled uncertainties 
quoted in the text and in Fig. 
3 are not dependent on the 
choice of reference frame. 
The error bars are the scaled 
standard deviations (12). Po- 
sitions are shown relative to 
an arbitrary reference value. 
The lines represent the best 
fit linear models, with normal- 
ized root-mean-square val- 
ues shown below each site 
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of 10 lneasurelnents during 1983 to 1997 
(Fig. 4) (15). A weighted least-squares 
analysis of the 14-year record of Wa- 
hornie-Mile baseline lengths yields a lin- 
ear trend of 0.93 ? 0.18 mm/year (length- 
ening), consistent with our 1991 to 1997 
GPS results, and significant with effec- 
tivelv 100% confidence. 

The principal issues in evaluating the 
geophysical significance of these velocities 
is whether they represent steady-state strain 
accumulation, or whether all or part of the 
motion reflects other processes including (i) 
coseisrnic or rapid postseis~nic deformation 
(for,e,xample, afterslip or viscous relaxation) 
associated with the Little Skull Mountain 
earthquake, (ii) monurnent instability or 
other sources of time-correlated error, iiii) , ,  , 

error in correcting for the GPS-geodolite 
scale difference, or iiv) undetected GPS , , 

error. The last ihree effects are difficult to 
evaluate because we have no exnectation of 
how they would. contaminate the secular 
rates for these narticular sites. It is 11nlikel.r. 
that some or all of these factors would have 
coincided to yield significant rates, the 
strain pattern apparent in Fig. 3B, or the 
expected west-northwest elongation, but 
they remain important caveats in interpret- 
ing the data. 

u 

The potential effects of the earthquake 
are quantifiable. Using a dislocation model 

u 

in which it was assumed that the southeast- 
dipping nodal plane was the failure plane 
(10, 1 1 )  we estimate that the coseisinic 
elongation of the Wahomie-Mile baseline 

Distance from claim (km) 

Fig. 3. (A) Plot shoving hor~zonta veloc~ties (vec- 
tors) and scaled I U  error elpses (12) for s~tes 
Black. M~le, 67TJS, and Wahom~e relative to 
Clam based on 1991 to 1997 GPS surveys. (6) 
Plot shov~~ng hor~zontal velocit~es and scaled 
standard devat~ons from (A) versus d~stance from 
Claim, showing contour ~nes  In nanostra~ns per 
year for a unform stra~n model. 

was -7 mm (16). Alternatively, lf the small fraction of the scatter in the data 
northwest-dipping 'nodal plane i$ the slip 
plane (10) we obtain a coseisrnic baseline 
length change of <1 mm. The effect of 
coseismic motion on the other four sites is 
<1 mm for either nodal plane. 

To assess the sensitivity of our klile-Wa- 
homie horizontal velocity estirnate to as- 
surnptions regarding coseisrnic length chang- 
es, we fit three additional models to the 
Mile-Wahomie data set. For the first, lye 
estimated the baseline length rate condi- 
tioned on the dislocation model for the 
southeast-dipping plane. The resulting rate 
estirnate is 0.66 ? 0.18 mm/year. For the 
second, we estimated the baseline length 
rate conditioned on the northwest-dipping 
nodal plane. The resulting rate estimate is 
0.91 i 0.18 mm/year. Finally, we estimated 
both the baseline length rate and the coseis- 
mic offset directly from the Mile-Wahomie 
data set, allowing the rate and offset to be 
free parameters, which yielded 0.83 
2 0.22 mm/year and 2.6 2 3.1 mm, respec- 
tively. To account completely for the esti- 
mated Wahomie-Mile rate with coseismic 
motion, an offset of 23 min is required, re- 
sulting in a X2-per-degree-of-freedom of 6.8. 
For any reasonable treatment of the earth- 
quake, the measured baseline lengths ex- 
clude the "no-motion" hypothesis (rate of 
0.0 mm/year) with greater than 99% confi- 
dence ( 1  7). 

Transient post-seismic strain, such as af- 
terslip or flexure in response to viscous re- 
laxation, are well known from large earth- 
quakes. Displacements related to these ef- 
fects tend to be either undetectable or a 
small fraction of the coseis~nic displace- 
ment, and significant only within a few 
rupture dimensions of the fault ( 1  8), and so 
are likely to be of consequence only at 
Wahomie and perhaps 67TJS. For example, 
a nominal afterslip of 10% on the south- 
east-dipping plane accommodated within 
the first year after the earthquake would 
result in an elongation of the Wahornie- 
Mile baseline of only 0.7 mm, which is a 

about the best-fit line (Fig. 4) .  Hence, if the 
observed rates are indeed a transient nost- 
seismic effect, they would be anolnalously 
large, long-lasting, and areally extensive for 
a lMs 5.4 earthquake, particularly as regards 
the velocities cf sites west of Wahomie. 

To test the consistency among the 
GPS-determined baseline lengths, the tri- 
lateration-determined baseline lengths, 
and our regression models, we estimated 
rates using the GPS-determined lengths 
only. A weighted least-squares analysis 
yields an estimate for the Wahornie-Mile 
length rate of 0.88 i 0.23 mm/year (no 
earthnuake). The difference between the 

L ,  

rates estimated with and without the tri- 
lateration observations [using the method 
of (19)] is not significant (0.05 2 0.14 
mm/year), confirming compatibility of the 
trilateration and GPS data sets under the 
assumption of no significant rnotion as a 
result of the earthquake. GPS rate esti- 
mates conditioned on southeast-dipping 
and northwest-dipping earthquake models 
are equivalent at 0.80 i 0.23 and 0.87 
+ 0.23 mm/year, respectively, illustrating 
that the Wahomie-Mile GPS observations 
alone are insensitive to the earthquake. 

Bearing in mind the caveats that an 
anomalous process related to the earth- 
quake or an irnprobable cornbination of er- 
ror sources may have contributed to the 
observed rates (2C), we interpret the results 
to reflect secular intersite motions of -1 
mm/year. If the strain field is essentially 
uniform extension N70°W and the secular 
rate between Wahomie and Claim is 1.7 
mm/year, then the strain rate is 51 nstr/ 
year, about three to four times the average 
Basin and Range rate and about one-fourth 
of the highest strain accumulation rates in 
the United States (21 ). 

Rates of this magnitude are difficult to 
reconcile with the Quaternary history of 
earthquakes and volcanisrn in the Yucca 
Mountain area. Horizontal offsets are typi- 
cally 1 to 2 m for significant (MI > 7.0) 
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maa 
Basin and Range earthquakes {22); thus if 
the rate were steady there should be 5 to 50 
large earthquakes every 10,000 to 100,000 
years. The only candidate for such a fault in 
the area is the Bare Mountain fault, which 
appears to have experienced only one sig­
nificant earthquake in the last 10,000 years, 
and likely only two events since —150 ka 
(6). Estimated slip rates for the Bare Moun­
tain fault are 0.02 to 0.20 mm/year (8), one 
to two orders of magnitude lower than ex­
pected if the contemporary rates were sus­
tained through the late Quaternary. Al­
though some of the faults on Yucca Moun­
tain have demonstrable late Quaternary 
slip, the total'slip is only 0.002 to 0.020 
mm/year (8). 

The strain pattern is also difficult to 
reconcile with shear related to the north­
west-trending Death Valley fault zone, 
some 35 km southwest of our array. It has a 
GPS-determined slip rate of 3 to 5 mm/year 
(14), and therefore shear strain rates related 
to the fault in excess of — 10 nstr/year would 
be unlikely in the Yucca Mountain area. 

Speculatively, strain accumulation across 
the area could be driven by magmatic infla­
tion at depth {23). A tomographic study of 
the area hints that a low-velocity zone may 
be present in the deep crust beneath Crater 
Flat, consistent with the presence of basaltic 
magma {24). Dikes associated with low-vol­
ume basaltic magmatism in the upper conti­
nental crust are typically 1 to 3 m wide {25); 
thus 5 to 50 diking events would be required 
every 10,000 to 100,000 years to account for 
the observed strain. Therefore, unless the 
youngest eruptive center, the Lathrop Wells 
cone, reflects an extensive system of upper 
crustal dikes that do not break the surface, 
the volcanic history of the area does not 
reflect an average strain rate of 50 nstr/year. 
Such a rate over the last million years would 
have resulted in the relatively steady intru­
sion of some 500 to 1000 dikes. 

We suggest that the apparent inconsis­
tency between the observed contemporary 
rates and the geologic history is because the 
Yucca Mountain area is experiencing an 
epoch of anomalously rapid strain accu­
mulation. The integrated strain across the 
Basin and Range (length scale of —1000 
km) may be continuous at the million-year 
time scale, but local magmatic and tecton­
ic events within the province (length 
scale of —100 km) may be strongly clus­
tered in both space and time, and have 
recurrence times or repose intervals of a 
few thousand to hundreds of thousands of 
years [for example {4, 26)]. If the contem­
porary strain rate in the Yucca Mountain 
area is any indication, elastic strain accu­
mulation related to these events may also 
be strongly episodic. An event of duration 
100,000 years occurring every million 

years would accord well with the overall 
tectonic and volcanic history. If so, hazard 
analyses based on the local record of mag­
matic and tectonic events alone would un­
derestimate the probability of such events 
occurring in the near future at Yucca Moun­
tain by an order of magnitude. For example, 
the anomalous strain could reflect the devel­
opment of a second line of north-northeast 
aligned, low-volume eruptive centers, analo­
gous to the cluster of events near 1.0 Ma on 
Crater Flat, with the eruption of the Lathrop 
Wells cone representing the onset of a clus­
ter that would continue over the next few 
tens of thousands of years {27). 
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Test of General Relativity and Measurement 
of the Lense-Thirring Effect with 

Two Earth Satellites 
lgnazio Ciufolini, Erricos Pavlis, Federico Chieppa, 
Eduardo Fernandes-Vieira, Juan Perez-Mercader 

The Lense-Thirring effect, a tiny perturbation of the orbit of a particle caused by the spin 
of the attracting body, was accurately measured with the use of the data of two laser- 
ranged satellites, LAG'EOS and LAGEOS II, and the Earth gravitational model EGM-96. 
The parameter I*, which measures the strength of the Lense-Thirring effect, was found 
to be 1 . I  1 0.2; general relativity predicts = I. This result represents an accurate test 
and measurement of one of the fundamental predictions of general relativity, that the spin 
of a body changes the geometry of the universe by generating space-time curvature. 

Einstein's general theory of relativity ( I ,  2 )  
predicts the  occurrence of peculiar phe- 
noinena in the  vicinity of a spinning body, 
caused by its rotation, that have not yet 
been measured ( 3 ) .  W h e n  a clock that co- 
rotates very slowly around a spinning hody 
returns to its startine voint, it finds ~tself " 

advanced relative to  a clock kept there a t  
"rest" (with resDect to "distant stars"). In- 
deed, synchronizat~on of clocks all around a 
closed path near a spinning body is not  
possible, and light co-rotating around a 
soinning body ~ i ~ o u l d  take less time to  re- 
turn to; fixed point than light rotating in  
the  opposite direction (2) .  Similarly, the  
orbital period of a particle co-rotating 
around a spinning body would be longer 
than the  orbital period of a particle 
counter-rotating o n  the  same o r b ~ t .  Further- - 
more, an  orb~t ing particle around a spinning 
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hody ~vi l l  have its o rb~ ta l  plane "dragged" 
around the  spinning hody 111 the  same sense 
as the  rotatlon of the  body, and sinall gyro- 
scopes that determine the  axes of a local, 
freely falling, inertial fraine, where "locally" 
the  gravitational field is "unobservable," 
w ~ l l  rotate with resoect to  "distant stars" 
because of the  rotaiion of the  hody. This 
phenoinenon-called "dragging of inertla1 
frames" or, inore simply, "fraine dragging," 
as Einstein named it-is also known as the 
Lense-Thirring effect (1 .  2 .  4) .  In  Einstein's 
general theory of relativ~ty, all of these phe- 
noinella are the  result of the  rotation of the  
central mass. 

R o t a t ~ o n ,  inertia, and the  "fictitious" ill- 
e r t ~ a l  forces arising in  a rotating system 
have been central issues and problems of 
~nechanics since the  tline of Galileo and 
Newton (5). Mach thought that the  cen- 
trifugal forces were the  result of rotation 
with respect to  the  inasses in the  universe, 
and E ~ n s t e ~ n ' s  development of the  general 
theory of relativity was ~nfluenced by 
Mach's ideas o n  the  origin of inertia and 
inertial forces. Today, the  level at which 
general relativity satisfies Mach's ideas o n  
inertia is still debated and discussed. How- 
ever general relativity satisfies a t  least a 
kind of "weak manifestation" of Mach's 
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ideas: the  dragging of inertial frames (2) .  
Indeed, in Einstein's gravitational theory, 
the  concept of an  inertla1 fraine has only a 
local meaning, and a local inertial frame is 
"rotationally dragged" by mass-energy cur- 
rents because moving masses influence and 
change the  orientation of the  axes of a local 
inertial fraine ( that  is, the  gyroscopes); thus, 
a current of mass such as the  spinning Earth 
"drags" and changes the  orientation of the  
gyroscopes a.it11 respect to  the  distant stars. 

T o  i~nderstand these ohenomena of pen- " 
era1 relat~vity associated ~71 th  the  rotation 
of a mass, one may use a forinal analogy 
with the  classical theory of electroinagne- 
tisin. Newton's law of gravitation has a - 
formal counterpart In Coulomb's la\\ of 
electrostatics: however. Newton's t h e o r ~  
has no  phenoinenon fornlally analogous to 
magnetism. O n  the  other hand, Einste~n's " 

theory of gravitation predicts that the  force 
generated by a current of electrical charge, 
described by Ampere's law, should also have 
a forinal c o u n t e r ~ a r t  "force" generated bv a 
current of inass.. T h e  detectyon and &a- 
sureinent of this "eravitomaenetic" force is - " 

the  subject of this report. 
T h e  gravitomagnetic force causes a gy- 

roscope to precess with respect to  an  asymp- 
tptic inertial fraine \ n t h  angular velocity 
n = -  ?hH = [-J + 3(~.%)%]/l  xi3, where 
H is the  gravitomagnetic field, J is the  
angular inolnentuln of the  central object, 
and x is the  gyroscope's position vector. 
This forinula quantifies the  Lense-Thirring 
effect for a gyroscope (1 .  2) .  T h e  gravlto- 
magnetic force also causes small changes in 
the  orbit of a test par t~cle  (4). In  particular, 
there IS a secular rate of change of the  
longitude of the  nodes (intersection be- 
tween the  orbital plane of the  test particle 
and the  equatorial plane of the  central 
object) glvell by 0L'""-TI""'"' = 
[a3(1 - e2  312 

2 JI 
) 1, where a is the  semiinajor 

axis of the  test particle's orbit and e is its 
orbital eccentricity. In  addition, there is a 
secular rate of change of the  longitude of 
the  pericenter (2 ) ,  6 (determined by ;he 
~ ~ ~ ~ g ~ - L ~ ~ ~  vector) : &Le"~e-Thlrr l l~e = 2J[J - 
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