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(negative rates denote left-lateral motion) to 
f i~ ld  nlisfit as a fil~lctio~l of rate. To estinlate 
unce~tai~lt ies in the best fitting rate. \ve 
rescaled the misfit to have reduced X' = 1 at 
the m i ~ ~ i m u m  and used a x' test to find 95?6 
(Za )  co~lfide~lce limits. 

Usi11,c all sites vields a best fitti~lg rate of - - 
-0.3 i 2.4 mm:year. Di\-iding these into 
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yields 0.6 i 3.2 and -0.9 i 2.2 ~llm!year. 
Global Positioning System (GPS) measurements across the New Madrid seismic respectively. None of these values. includi~lg 
zone (NMSZ) in the central United States show little, if any, motion. These data the slightly higher one in the near-field n-here 
are consistent with platewide continuous GPS data away from the NMSZ, which noise might be highest. differs sig~lifica~ltly 
show no motion within uncertainties. Both these data and the frequency- ftom zero. Because the rates are 10%-. eve11 
magnitude relation for seismicity imply that had the largest shocks in the series their s~nal l  u~lce~tainties pernlit a range of 
of earthquakes that occurred in 1811 and 1812 been magnitude 8, their re- inte~pretations (they are co~lsiste~lt with both 
currence interval should well exceed 2500 years, longer than has been assumed. 0 a ~ l d  3 ~ l n n  year at 2o ) .  Although 1-elocity 
Alternatively, the largest 1811 and 1812 earthquakes and those in the paleo- u~lcertai~lties will be reduced by longer ob- 
seismic record may have been much smaller than typically assumed. Hence, the ser\.ation periods, the present data sholv little 
hazard posed by great earthquakes in the NMSZ appears to be overestimated. of the steady fault-parallel far-field ~l lo t io~l  

\vhich would be expected before filtilre 
During the q ears 18 1 1 and 18 12 a long abili5 of daily site positions. scaled to in- strike-slip eartl~qualtes (13). Ilo\vever. the 
sequence of earthqualxs ( 1 ). i~ lc ludi~lg  clude the effects of t ime-co~~elated errors slightly higher near-field values may reflect a 
three large shocl<s thought to ha\ e had (11 1. small tectonic signal, n.hic11 could be Illore 
surface 1val.e magnitudes near or exceeding \Ye examined the data using a geometr>- in complex due to the details of the fault geom- 
S 1-71. n a s  centered near Nen hladrid. RIis- nhich  the motion eupected betn-een large etry. i~lcludi~lg the thrust segiuent ( 7 ) .  
souri. The region  remain^ ac the .  \vith earthquakes should be ex.ident. assuming Similar results einerge from analysis of 
slllall to nloderate (magnitude less than 5 )  strain accu~nulatioil 011 a loclced right-lateral continuously recording GPS sites a\vay from 
earthquakes co~lcelltrated along planar seg- strike-slip fault. Site motions were projected the New Madrid seis~llic zone (NMSZ). ill the 
lnellts (Fig.  1 )  presu111cd to reflect subsur- along NIZ'E. the approximate strilte of the presumably stable portion of N o ~ t h  America 
face faults (3 ) .  The fen- available focal strike-slip faillts. \Ye then remo\-ed the meall (Fig. 3 )  (14) .  Modeli~lg stable North America 
mechanisms suggest that right-lateral and compared the data v i th  the predicted as a single rigid plate fits the site velocities 
strike-slip occurs on t ~ v o  NE-S\17-striking. \,elocity profile for a loclced \eltical strike- nell ,  with a lueail residual of 1.0 mm:year. 
sub\ ertical faults. ~vhereas thrusting occurs slip fault. a steep gradient near the fault that The misfits are not sigaificantly reduced by 
on a shallo\\ ly SLIT-dipping fault that forms asymptoticallq approaches the far-field inter- assuming separate bloclts east and west of the 
part of the left step bet\veen the strike-slip seisinic rate away from the fault (Fig. 2 )  (11'1. NMSZ (Fig. 3. inset). and the predicted mo- 
faults ( I) .  The seismicity may reflect reac- The assumed locking depth affects only the tioil across the NMSZ is indistiaguishable 
ti\.ation of Paleozoic faults ( 5 )  by platen-ide shape of the steep celltral part of the profile. from zero. 
or local stresses ( 6 ) .  \17e used a loclciilg depth of 25 lun and con- These results have illlplicatio~ls for earth- 

\\'e use local and p l a t e ~ ~ i d e  GPS data to sidered rates between 6 and 6 mm year quake recurrence. It has been assuined that 
assess the deforlnatio~l and dran iaferences 
about the recurrence of large ea~thqual<es. 111 
the local study. xve monitor a llet~vorlt of 38- 

~eode t i c  monuments including sites near the 
seismicity. ia u~lcoilsolidated a l l u ~  ium and 
se~uico~lsolidateci bedroch of the 12Iississippi 
emba).ment. and jn bedrocl< outside the em- 

3 7 ~  
ba>lnent ( 7 ) .  The network \$-as sur\,eyed in 
No\-e~nber 1991. October 1993. and October - 1997 (8). Horizoi~tal 1.elocities obtaiiled from z - least-squares fits to the site positions (9)  are 
sho~va in Fig. 1, after rcmoval of the lllotion g 36- 

+ .- 
of the North America plate (1 0). .Almost all - 

J 
residual xelociries ars slllall and ~v i th i i~  the 
2 0  emor ellipses estilllated from thc rtpcat- 
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the 18 1 1-1 8 12 earthquakes were magnitude 
8 events, with 5 to 10 m of horizontal slip (2). 
On the basis of that assumption, earlier geo- 
detic results that found surprisingly rapid 
near-field strain accumulation, about one- 
third to two-thirds of that for the San Andreas 
fault system, were interpreted as consistent 
with 500- to 800-year recurrence for such 
great earthquakes (15). Our lower estimate of 
far-field interseismic motion, less than 2 mm/ 
year, implies a recurrence period for such 
earthquakes well exceeding 2500 years (Fig. 
4A). This period is a minimum because it is 
calculated for the maximum rate (at 2u) rath- 
er than the best fitting near-zero value, which 

predicts a much longer period, and is based 
on the assumption that all interseismic mo- 
tion will be released seismically. Because 
deformation rates here are less than a few 
millimeters per year, compared with tens of 
millimeters per year on plate boundaries, the 
recurrence times for similar large earthquakes 
must be correspondingly longer. 

A similar conclusion emerges from esti- 
mating the recurrence of future larger earth- 
quakes from the observed rate of smaller 
earthquakes (Fig. 4B) (16-18). From recent 
(1974 to 1998) seismicity, when the earth- 
quake catalog should be most complete and 
the magnitudes have been seismologically 

Fig. 2. (Top) Profile of site V ~ ~ O C -  Fault Nonnal Distance pan] 
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Fig. 3. Locations of continuously recording GPS sites used to  estimate an Euler vector for the 
presumably stable portion of North America. For each, the misfit between the observed velocity 
and that predicted for a single plate is shown. (Inset) Euler poles for the eastern and western 
subsets of the sites (divided by dashed line in main panel) compared with that for the entire set. 
Because the poles for the east and west data overlap at 95% confidence, the platewide GPS data 
show no resolvable motion across the NMSZ. 

determined, we expect magnitude 7 and 8 
earthquakes on average every 1700 and 
15,000 years, respectively. Similar values 
(1000 and 13,000 years) are predicted from 
consideration of the post- 18 16 seismicity. 
These estimates are consistent with our GPS 
results but exceed those of an earlier study 
(19) because of different assumptions about 
the magnitudes of the larger earthquakes. 

Significantly shorter recurrence inter- 
vals of 400 to 600 years have been estimat- 
ed from the geological record (20). How- 
ever, the paleoseismology can be recon- 
ciled with the geodesy and frequency-mag- 
nitude relation. One possibility is that the 
18 1 1-1 8 12 and earlier large earthquakes in 
the paleoseismic record were significantly 
smaller than previously assumed, perhaps 
magnitude 7 with slip of about 1 to 2 m. If 
so, 1 to 2 mmlyear of interseismic motion 
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Fig. 4. (A) Relation between interseismic mo- 
tion and the expected recurrence of large New 
Madrid earthquakes. For an assumed horizontal 
slip in 1811-1812 of 5 to 10 m, the geodeti- 
cally observed interseismic motion of less than 
2 mmlyear implies recurrence times greater 
than 2500 years. Also shown are recurrence 
estimates from paleoseismic studies. The pa- 
leoseismic and geodetic data are jointly consis- 
tent with slip in 1811-1812 being about 1 m, 
corresponding to  a magnitude 7 earthquake. (B) 
Earthquake frequency-magnitude data for the 
NMSZ. Both the recent and historic (1816 to 
1984) data have slopes close to  1 and predict a 
recurrence interval exceeding 1000 years for 
magnitude 7 earthquakes and 10,000 years for 
magnitude 8 earthquakes. Estimates are shown 
with 2u  uncertainties. 
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a-ould correspond to a 500- to 2000-year 
recurrence (Fig. AX), consistent \vith the 
recmrence for earthqualces of this size from 
the frequency-magllitudz relatron. Al- 
though this lllagrlitude is snlaller than \$-hat 
n-as inferred from the felt area of the 18 1 1- 
18 12 earthquakes and the spatial extent of 
the paleoseisnlic deformation. both tech- 
niques ha\ e considerable uncertainties in 
estimating earthquake magnitude. Hence. 
we feel that smaller 181 1- 1812 sarth- 
quakes can reconcile the different tech- 
~liques.  given uncertainties. 

It is also possible that 18 1 1-1 8 12-style 
ear-ihquakes may never recur. If Illore accu- 
rate future s i r \  eys continue to find essential- 
ly 110 interseisrnic slip, we may be near tlie 
end of a seisrilic sequence. It has been sug- 
gested that because topography in the Ken- 
Madrid region is quite subdued, the NhISZ is 
a feahlre no older than a fea-  nill lion years 
and perhaps as young as sel-era1 thousand 
years (21). Therefore. S e w  Madrid seismicity 
might be a transient feature. the present locus 
of intraplate strain release that nligrates \T it11 
time bettireen fossil n-eak zones. 

Although much remains to be lea~ned 
about this intriguing esample of intraplate 
tectonics. the present GPS data imply that 
18 1 1-1 8 12-size earthquakes are either much 
smaller or far less frequent than previously 
assumed. I11 either case. it seems that the 
hazard from great earthquakes in the N e l ~  
AIadrid 20112 has been significantl! 01-eresti- 
mated. Hence. predicted ground motions used 
in building design there. such as the National 
Seismic Hazard l Iaps  (22) that presently 
show the seismic hazard there exceeding that 
in California. should be reduced. 

References and Motes 
1. See the review by A, Johnston and E. Schweig, Annu. 

Rev. Earth Planet. Sci. 24, 339 (1996). 
2. A Johnston, Ceophys 1. int. 126, 314 (1996); 
3. L. Himes, W.  Stauder. R. Herrmann, Seism. Res, Lett. 

59, 123 (1988); J. Chiu, A. Johnston, Y. Yang, ibid. 63, 
375 (1992). 

4. R. Herrmann and J. Canas, Bull. Seismol. Soc. Am. 68, 
1095 (1978); R. Herrmann, J. Ceophys. Res. 84, 3543 
(1979). 

5. L. Braile e t  al., Tectonophysics 131,  1 (1986); J. Sexton 
e t  a l ,  Geophysics 51, 640 (1986). 

6. M. L. Zoback and M. D. Zoback, Science 213, 96  
(1981); 1. Granga and R. Richardson, J. Geophys. Res. 
101,  5445 (1996). 

7. J. Weber, 8. Stein, J. Engeln, Tectonics 17, 250 (1998). 
8. The sites occupied are listed in  (7), except CRVL, 

which was buried by the construction of a baseball 
field. The 1997 survey was similar t o  that  in 1993 
except for shorter (2 day) site occupations. 

9. GPS data were analyzed at the University of Miami 
fol lowing the procedures of T. Dixon et al. [J.  Ceo- 
phys. Res. 102, 12017 (1997)l. We  used high-preci- 
sion nonfiducial satellite orbits and the Jet Propulsion 
Laboratory GIPSY analysis software t o  estimate site 
velocities in the ITRF-96 reference frame. Site veloc- 
ities were estimated f rom least-squares fits t o  daily 
positions, weighted by errors fol lowing the method 
o f  Mao e t  a/. (77). The 1991 data have higher root  
mean square (rms) scatters compared w i th  1993 and 
later data. Scaling the 1991 position errors tvith the 

correlations between weighted rms and whi te  and 
colored noise (11) de-weights them compared w i th  
later data 

10. We subtracted mot ion predicted by an Euler vector in 
ITRF-96 for stable Nor th  America (1.16"S, 80.2"\V, 
0.193" per mil l ion years) determined by inversion of 
GPS data f rom 16 continuous stations (1  1). This 
subtraction removes most  network-wide motion, al- 
though a small (but not  statistically significant) east- 
ward drif t  remains. Whether this drif t  is tectonically 
significant is unclear; i t  has no effect on our velocity 
gradient analysis (Fig. 2) because a mean velocity is 
also removed. 

11. Unt i l  recently, most GPS studies assumed that  geo- 
detic noise is uncorrelated in time. Recent studies 
shot%, that  GPS noise is time-correlated and that  
assuming noise is uncorrelated can underestimate 
velocity errors by up t o  an order o f  magnitude [A. 
Mao, C. Harrison, T. Dixon, J. Ceophys. Res. 104, 2797 
(1999)]. 

12, J. Savage and R. Burford, J. Ceophys. Res. 78, 832 
(1973). 

13. We compared geodetic data t o  a model in which 
steady far-field mot ion loads a fault before earth- 
quake rupture. This model is commonly used for 
plate boundaries, where space geodetic data show 
rates of plate mot ion consistent w i th  those over 
millions of years, indicating that  steady far-field mo- 
tions give rise t o  episodic earthquakes [R. Gordon and 
8. Stein, Science 256, 333 (1992); 5. Stein, in Space 
Geodesy and Ceodynamics, Ceodynamics Ser. 23, D. 
Smith and D. Turcotte, Eds. (American Geophysical 
Union, Washington, DC, 1993), pp. 5-20]. Similarly, 
space geodetic data (for example, Fig. 3) show that 
plates thought t o  have been rigid on geological t ime 
scales are quite rigid on decadal scales. Hence, appli- 
cation of these ideas of steady mot ion to  intraplate 
settings seems plausible but  has not  been demon- 
strated. We did not  consider strain transients after 
the 1811-1812 earthquakes [P. Rydelek and F. Pollitz, 
Ceophys. Res. Lett. 21,  2303 (1994)], which predict 
motions larger than interseismic motion. Similarly, 
our geodetic approach implicit ly focuses on motions 
due t o  platewide rather than locally derived stresses 
(6). 

14. T. Dixon, A. Mao, 8. Stein, Ceophys. Res. Lett. 23, 
3035 (1996). These results are updated here w i th  
additional sites [A. Mao, thesis, University of Miami 
(1998)l. 

15. L. Liu, M .  Zoback, and P. Segall [Science 257 ,  1666 
(1992) l  used GPS t o  remeasure monuments previ- 
ously measured by tr iangulation and reported rapid 
strain accumulation in the southern NMSZ corre- 
sponding t o  5 t o  7 mmlyear  of slip. A similar study 
across the  northern NMSZ found strain rates indis- 
t inguishable f rom zero [R. Snay, j .  Ni,  H. Neuge- 
bauer, in  U.S. Ceol. Surv. Prof. Pap. 1538-F (1994), 
pp. F1-F6]. Our  earlier study ( 7 ) ,  based on the  f irst 
t w o  CPS occupations o f  presumably more stable 
monuments,  found a far-f ield rate o f  3 i 3 m m /  
year ( l imits are f rom the  approach used in  Fig. 2). 
indistinguishable f rom zero a t  2n .  Hence, improved 
geodetic techniques and longer measurements 
generally reveal successively slower mot ion,  pre- 
sumably because the  far-f ield velocity is small (or 
zero). Because the data have uncertainties, the f irst 
t!%,o measurements typical ly overestimate the  ve- 
locity, which successive measurements bet ter  ap- 
proximate. Unless the uncertainties are we l l  under- 
stood, the estimated velocity may appear unduly 
signif icant (7 1). For New Madrid, t he  older tr ian- 
gulat ion data were presumably less accurate than 
GPS because o f  l imi ta t ions o f  the technique, pos- 
sibly compounded by instabil i ty o f  shallow-rooted 
tr iangulation pillars. Moreover, for  low-strain rate 
areas a few  measurements can change tr iangula- 
t ion results signif icantly [R. Snay, 1. Ceophys. Res. 
91,  12695 (1986)]. Our  GPS surveys use deeper 
rooted and presumably more stable monuments 
and extend outside the  embayment, bu t  geodetic 
GPS technology was sti l l  immature in  1991. By 
1993, improved CPS receivers and an improved 
network o f  global tracking sites yielded better 
data, as determined by better repeatabil i ty o f  site 

posit ions between successive days. CPS velocity 
analysis is also less sensitive t o  site-specific errors 
than the tr iangulation analysis Therefore, we con- 
sider the GPS results here more accurate than 
earlier surveys. 

16. Earthquake populations approximately fol low log 
N = a - bM,  where N is the  number of earth- 
quakes ( to ta l  or annual) whose magnitude exceeds 
M .  Because b is about 1, earthquakes o f  a given size 
are about one- tenth as numerous as those one 
magnitude un i t  smaller. Although body and surface 
wave magnitudes do no t  exceed about 6.4 and 8.4, 
respectively, earthquake catalogs typical ly show b 
t o  be about 1 because body wave magnitudes are 
reported for  small earthquakes and surface wave 
magnitudes are reported for  large earthquakes [E. 
Okal  and B. Romanowicz, Phys. Earth. Planet, i n t .  
87,  55 (1994) l .  Hence, i f  t he  linear frequency- 
magnitude relation is used, magnitudes above 6.4 
should be treated as surface wave magnitudes. 

17. Extrapolation of the recurrence of larger earthquakes 
from the rate of smaller earthquakes, used because of 
the limited data available for earthquakes before this 
century, faces various uncertainties. M. Stirling, 8. \Ves- 
nousky, and K. Shimazaki [Ceophys. 1. int. 124, 883 
(1996)] found that such extrapolation overestimates 
recurrence times inferred from geological data, whereas 
E. Triep and L. Sykes [J. Ceophys. Res. 102, 9923 (1997)l 
found that this extrapolation underpredicts recurrence 
times for large intracontinental earthquakes. 

18. For 1974 t o  1998, the New Madrid catalog (ht tp : / l  
eI!ve.ceri.memphis.edu/ -seisadm) o f  earthquakes 
w i t h  seismologically determined magnitudes yields 
a and b values o f  3.446 i 0.041 (10) and 0.954 1 
0.013. For 1816 t o  1984  (beginning a t  1816 ex- 
cludes major  aftershocks), Nut t l i ' s  catalog (h t tp : / l  
~~w~~.eas .s lu .edu /Ear th~uake_Cen te r ) ,  in  which 
body wave magnitudes before 1964 are typical ly 
inferred f rom the  reported shaking, yields a and b 
values o f  4.537 r 0.105 and 1.079 r 0.022. Com-  
bining the  t w o  lines predicts recurrence t imes 
(tx'ith 2 n  uncertainties) for  magnitude 7 and 8 
earthquakes o f  about  1400 i 600  and 14,000 = 
7000 years. These values seem plausible: since 
1816, there have been 16  earthquakes w i t h  mag- 
n i tude greater than 5 (about  a 10-year recurrence), 
and t!%,o w i t h  magnitude greater than 6 (about a 
100-year recurrence), so magnitude 7 and 8 earth- 
quakes should have about  1000-  and 10,000-year 
recurrences, respectively. These estimates do n o t  
depend on whether  the  seismogenic stresses are 
local o r  platewide in  origin (5, 13). 

19. A. Johnston and 5. Nava [J. Ceophys. Res. 90, 6737 
(1985)] inferred 550- t o  1100-year recurrence for 
earthquakes w i th  surface wave magnitude (Ms) > 
8.3. This frequent recurrence results f rom treating 
magnitude 7 earthquakes as body wave magnitude 7, 
and equating them t o  surface wave magnitude 8.3 
Recent results (76) indicate that  such earthquakes 
are better treated as surface wave magnitude 7. 

20. 5. Wesnousky and L. Leffler, Bull. Seismol. Soc. Am. 
82.  1756 i l 9 9 2 ) ,  M. Tutt le and E. Schweie. Ceoloav 

2, 

23.  253 (1995); K .  Kelson e t  al., J. Ceophys;~es. 101,  
6151 11996) 

21 E. Schweig and M. Ellis, Science 264, 1308 (1994). 
22. A Frankel e t  al., National Seismic Hazard Maps Doc- 

umentation: U.S. Ceol. Sum. Open-File Rep. 96-532 
(1996). These maps assume that  a magnitude 8 
earthquake occurs every 1000 years a t  New Madrid, 
so the predicted peak ground acceleration expected 
in  SO years a t  2% probability for t l ie NMSZ exceeds 
that  in San Francisco, and the predicted highest ac- 
celeration (exceeding 1.2g) area for the NMSZ is 
larger than for Los Angeles or San Francisco. 

23. Supported by NASA grants NAGW-2522 and NAGS- 
6685. We thank R. Graves, K. Wellington, C. Bunker, K. 
Nolan, and C. Criffen for field assistance in the third 
suwey; F. Farina for assistance with data processing: E. 
Okal and K. Mueller for helpful discussions; R. Snay and 
an anonymous reviewer for useful reviews; and Univer- 
sity Navstar Consortium for technical support. 

21 December 1998; accepted 1 March 1999 

www.sciencemag.org SCIENCE VOL 284 23 APRIL 1999 




