
strain relcase can be explained in nvo ways. 
High f l i d  pressures can both reduce V p  (20) 
and cause stable slidme bv reducing the effec- " ,  
tive normal stress on the fault (21). Thls process 
is probable at Parkfield where a few lines of 
elidence suggest the fluid pressures are high 
under Middle Mountain (22). If the low V p  
rcxk~ exhibit stable sliding, then the locked 
zone may be smaller where such r(x10 are 
present to greater depths; in this case the 
amount of strain that can be stored in that area 
would be reduced (23). Thus in those areas 
where stable slidu~g is present to unusual 
depths, the fault may not be able to store 
enough strain to produce large earthquakes. 
This notion could account for the limits on the 
rupture of the Loma Prieta earthquake and 
why little moment was released near the hypo- 
centers of the Morgan H d  and Parkfield earth- 
quakes. 

Another possibility is that the areas with 
high displacement in the geodetic and seis- 
mic-waveform models actually represent areas 
where the stress drop is high and that the true 
slip pattern covers a wider area. This scenario 
is possible because in these models a uniform 
rigidity is used to convert the observed stress 
drop to slip. Thus a larger area may slip 
during the mainshtxk, but the geodetic and 
waveform observations are primarily sensitive 
to the areas of the fault that have a high 
rigidity and high V, (24). In either case a 
dynamic rupture might end when it attempts 
to propagate through a region of low Vl,. 

If the material properties of the fault zone 
and the surroundmg rocks control the m m e r  
in whch the fault produces earthquakes, then 
Vp models could be used in earthquake predic- 
tion. For instance, current long-term predic- 
tion methods rely on our abihty to iden* fault 
segments that will fail in individual large earth- 
quakes (25). Idendcation of fault segments 
has been based on surface geology, historic 
seismicity, and microseismicity (13, 25, 26); 
however, such obsen~ations are not always 
available or definitive. The use of V, models to 
augment these techniques may help to idennfy 
segment boundaries. Proper fault segmenta- 
tion and identification of the parts of a fault 
segment likely to release the most moment 
could also allow improved prediction of strong 
ground motions. 
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4 0 ~ r / 3 9 ~ r  Age of the Lathrop Wells Volcanic Center, 
Yucca Mountain, Nevada 

Paleomagnetic and 40Ar/39Ar analyses from the Lathrop Wells volcanic center, 
Nevada, indicate that two eruptive events have occurred there. The ages (136 + 8 and 
141 + 9 thousand years ago) for these two events are analytically indistinguishable. 
The s m d  angular difference (4.7") between the paleomagnetic directions from these 
two events suggests they differ in age by only about 100 years. These ages are 
consistent with the chronology of the surficial geological units in the Yucca Mountain 
area. These results contradict earlier interpretations of the cinder-cone geomorphology 
and soil-profile data that suggest that at least five temporally discrete eruptive events 
occurred at Lathrop Wells approximately 20,000 years ago. 

T HE SOUTHW~ST PART OF THE NEVA- 
da Test Site (NTS) is being evaluated 
to  determine its suitability for a high- 

level radioactive waste repository ( 1 4 ) .  
Study of the chronology and eruptive vol- 
umes of lava from nearby volcanos are es- 
sential for assessing volcanic hazards during 
the mandated lo4-year isolation period for 
the high-level radioactive waste. 

Within the NTS, silicic volcanic activity 
produced several coalesced caldera complex- 

es during the Miocene (14 to 8 million years 
ago) (5, 6 ) .  Since then, volcanism has been 
limited to  small, isolated subalkaline t o  alka- 
line undersaturated basaltic volcanic centers 
(7, 8 ) .  The most recent volcanic activity at the 
NTS occurred at the Lathrop Wells volcanic 
center. A recent geomorphic and soil profile 
study suggested that at least five temporally 
discrete eruptive events occurred at Lathrop 
Wells at approximately 20 ka (thousand years 
ago) (9); these stuhes have large chronologic 
uncertainties and contradict radiometric and 
paleomagnetic data (10). We dated seven sites 

B. D. Turrin U.S. Geological Survey 345 M~ddlefieid 
Road, ~ e n l d ~ a r k ,  CA 94025, and 11;stitute of Human using the 40AflyAr method 
Origlns, Geochronology Center, 2453 Ridge Road, further evaluate the isotopic age of the Lath- 
Rerkeley, CA 94709 
D Chani~ion and R. T. Fleck. U.S. Geoio~lcal Survey. 'OP center' 
345 Middlefield ~ o a d i ~ e r l l o  Park, CA 94'625. 
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At the Lathrop Wells volcanic center, 
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flows of dense alkali olivine basalt with events are spatially separated and are not in sent three separate basaltic air-fall eruptions 
vesicular tops and bottoms, exhibiting 
block- and aa-flow morphologies, overlie 
Quaternary alluvium and Miocene ash flow 
and air-fall units of the Paintbrush Tuff. The 
basalt is sparsely porphyritic with olivine 
phenoaysts and plagiodase micropheno- 
crysts (?) in a line-grained groundmass of 
plagiodase, olivine, clinopyroxene (Ti-aug- 
ite), opaque minerals (Fe-Ti oxides), inter- 
stitial glass, and apatite (7, 8). Hyalopilitic 
to pilotaxitic textures are common in some 
samples. The lava flows and scoria deposits 
locally contain xenoliths of the underlying 
Topopah Spring Member (?) of the Paint- 
brush Tuff [up to 0.03% by volume (4, 1 I)]. 

On the basis of the directions of rernanent 
magnetization (lo), field mapping, and 
geochronologic studies, two nearly synchro- 
nous eruptive events are identified at Lath- 
rop Wells. The volcanic products from these 

direct strat&aphic contact. We have in- 
ferred the following eruption history: (i) A 
northwest-trending fissure zone composed 
of local vents of irregular scoria mounds and 
agglutinate (unit Qs,, Fig. l ) ,  accompanied 
by eruption of small volume block and aa 
flows (unit QI,, Fig. 1). The later phases of 
this eruption produced the main scoria cone. 
(ii) Subsequently, volcanic activity occurred 
along a small, east-west fissure system, pro- 
ducing a lava flow unit (Ql,, Fig. 1) that 
flowed to the east and south around the 
older flow and vent complex. 

Three additional periods of volcanic activ- 
ity have been suggested on the basis of 
cinder cone geomorphology and soil strati- 
graphic studies (9, 12, 13). Wells et al. (9) 
suggested that eolian and tephra deposits, 
which are adjacent to the main cinder cone 
and overlie the other volcanic units, repre- 

Fig. 2. Isochron and in- 
verse-isoduon plots for 
unit Ql, and (compos- 
ite) unit Qls/Qs5. Iso- 
chron and inverse-is&- 
mn plots for unit Ql, 
show an age of 181 + 23 
and 182 + 20 ka, respec- 
tively, and an initial 
*Ar/=Ar intercept of 
295.3 + 0.5 with a mean 

Fig. 1. Generalized geologic 
map of the Lathrop Wells 
cinder cone and flow com- 
plex, showing locations of 
sampling sites for 40Ar/39Ar 
analyses. Numbers corre- 
spond to samples listed in 
Table 1. Areas endosed with 
hachurcd outlines are scoria 
mounds composed of weld- 
ed agglutinate and volcanic 
bombs; area endosed with 
saw-toothed outline is crater 
at top of main scoria cone. 
Units: Ql,, late basaltic lava 
flows; Q&, early scoria de- 
posits; Qps,, pyroclastic 
&-surge deposits; Qsu, 
undifferentiated scoria de- 
posits, with some scoria 
mounts contemporaneous 
with unit Ql,. Unpatterned 
areas, Quaternary alluvium. 

square of the weighted 
deviates (MSWD) of 
0.96. Isochron and in- a 
verse-isoduon plots for 
composite unit Qls/Q% 3 0.- 
show ages of 150 + 48 
and 15 1 + 33 ka, respec- 0.00315 
tively, and an initial o 0.02 0.04 0.06 OM O.-O 0.01 one O.W 0.04 
r10Ar/36Ar intercept of WPk ' %@& 
295.1 + 0.7 with a 
MSWD of 0.75. The MSWD for each regression is less than l,.- that the errors about the 
regression lines may be attributable solely to analytical errors in 111d1~1dual lsotopic IIIeaSUrements. 

whose sour& is the main cinder cone, They 
suggest that these deposits have been mod- 
ified by infilling with eolian material and 

Table 1. *Ar/39Ar age data from the Lathrop 
Wells volcanic center. Samples marked with an 
asterisk are considered contaminated and are not 
used. A, arithmetic mean; W, weighted mean; 
Comb., combined age of unit. Constants used 
in the age calculation are: 36Ard37Ara = 0.000269; 39Ar~37Ar, = 0.000729; Ar J 
j9Ar, = 0.002; J = 0.000125 u is essentially 
the conversion factor of the j9K(n,p) to 39Ar 
reaction]. 

Sam- *Ar/ 37Ar/ j6Ar/ Age + lo 
ple j9Ar 39Ar 39Ar (ka) 

Flow unit Q1, 
1-86 40.939 1.741 0.137 143 + 88 
1-86 32.546 1.887 0.106 311 -C 78 
1-86 98.908 1.821 0.334 66 2 216 
1-86 78.306 1.628 0.264 93 2 212 

A: 153 2 110; SEM: 255; W: 217 + 54 
2-88 111.841 1.704 0.373 392 + 215 
2-88 105.308 1.776 0.354 194 2 186 
2-88 101.674 1.613 0.341 261 2 232 
2-88* 118.961 1.778 0.391 776 2 162 

A: 282 + 101; SEM: 258; W: 274 k 120 
3-86 144.06 1.591 0.485 187 + 243 
3-86 200.13 1.723 0.676 110 + 327 
3-86 87.367 1.796 0.296 42 2 185 
3-86 50.708 1.827 0.170 145 2 88 
3-86 35.947 1.870 0.120 144 2 84 
3-86 49.092 1.940 0.165 126 2 82 
3-86* 6.756 0.315 0.009 947 + 24 
3-86* 47.030 1.855 0.153 452 * 86 

A: 126 k 48; SEM: 220; W: 133 2 46 
486  12.901 1.868 0.042 172 2 39 
486  36.488 1.791 0.123 99 + 196 
4-86 13.417 1.726 0.043 211 + 941 
4-86 29.148 1.083 0.096 177 2 212 
4-86 24.048 1.083 0.080 147 + 134 
4-86 69.949 1.338 0.233 294 + 379 
4-86 42.058 0.830 0.141 112 2 282 
4-86* 28.660 1.894 0.091 450 2 73 

A: 173 k 66; SEM: 225; W: 187 2 27 
Comb. Ql,: A: 171 + 87; SEM: 220 

W: 183 + 21 
Flow unit Q1, 

5-86 89.875 1.868 0.303 112 + 90 
5-86 116.184 1.805 0.392 107 2 155 
5-86 247.222 1.855 0.834 235 2 521 
5-86 82.812 1.772 0.277 228 + 200 
5-86 119.164 1.625 0.401 168 + 318 
5-86 71.786 1.791 0.244 -20 + 263 
5-86 221.233 1.419 0.744 368 2 644 
5-86 79.647 1.665 0.268 164 + 89 

A: 170 + 114; SEM: 240; W: 138 + 54 
Scoria unit Qs, 

223 132.604 1.600 0.449 7 + 374 
223 85.528 1.585 0.287 170 + 180 
223 66.262 1.659 0.222 151 + 197 
223 82.477 1.532 0.276 228 + 165 

A: 139 ? 94; SEM: +47; W: 175 + 100 
211 28.492 1.311 0.095 139 + 81 
211 56.991 1.154 0.190 182 2 125 
211 164.499 1.425 0.557 20 2 285 
211 46.959 1.337 0.157 138 + 80 

A. 120 + 70; SEM: +35; W: 142 + 51 
Comb. Qs,: A: 129 2 77; SEM: f 27 

W: 149 + 45 
Comb. Qs, + Ql,: A: 150 + 96; SEM: +24 

W: 144 + 35 
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formation of several soil profiles. Wells et al. 
(9) concluded that these eruptive events 
occurred approximately 20 ka or younger, 
"as much as an order of magnitude" younger 
than "previous (K-Ar) age determinations" 
for the Lathrop Wells volcanic center. 

To evalute this history, we obtained 40 
40Ar/39Ar ages on samples from the Lathrop 
Wells volcanic center. All of the 40Ar/39Ar 
analyses are from the total hsion of individ- 
ual whole-rock grains, 0.3 to 0.5 mm in size 
(14). The samples yielded a weighted aver- 
age (15) of 183 + 21 ka for unit Ql,, 138 + 
54 ka for unit Ql,, and 149 + 45 ka for unit 
Qs, (Table 1). Isochron and inverse-iso- 
chron ages are concordant with the weight- 
ed mean ages (Fig. 2). These 40Ar/39Ar ages 
are concordant with the published K-Ar 
ages of 116 + 13 and 133 + 10 ka for unit 
Q1, and unit Ql,, respectively (10). Isochron 
data on samples from the lavas at Lathrop 
WeUs indicate an initial 40Ar/36Ar ratio 
equivalent to atmospheric Ar (16). This 

/ Unit Os5 a Units Qs5 

Fig. 3. Ideograms showing integrated probability 
distributions of 40Ar/39Ar ages. Individual analy- 
ses are shown as single points with 2u error bars. 
(A) Unit Q1,-light gray areas, integrated prob- 
ability distribution of contaminated samples; dark 
gray areas, integrated probability distribution of 
uncontaminated samples; black areas, integrated 
probability distribution of all unit Q1, samples. 
(B) Units QI, and Qs5-light gray areas, integrat- 
ed probability distribution of all samples from 
units QI, and Qs,; dark gray areas, integrated 
probability distribution of all samples from unit 
QI,; black areas, integrated probability distribu- 
tion of all samples from unit QI,. Ma, million 
years ago. 

result shows that excess 40Ar is not present 
homogeneously throughout the lavas. 

~ h e i e  is some evidence of xenolith con- 
tamination of the Q1, flow from the under- 
lying rhyolite tuffs. The contaminated sam- 
ples yield distinctly older ages (Fig. 3 and 
Table 1). A 0.03% contamination of the 
basalt by the underlying tuff would add an 
additional 0.022 million years to the age of 
the Lathrop Wells flow (1 0). 

Directions of remanent magnetization of 
the eruptive products from the Lathrop 
Wells center (10) form two groups, which 
correlate with units Qs, and Q1,. A statisti- 
cal comparison of the mean directions for 
units Qs, and Q1, (51.5" inclination, 2.2" 
declination, and 5 1.5" inclination, 354.6" 
declination) shows that they differ at the P 
= 0.0002 significance level (17). The time 
interval between these two directions of 
magnetization cannot be determined 
uniquely from paleomagnetic data alone. 
On the basis of paleomagnetic and chrono- 
logic studies of Sunset Crater in Arizona 
(18), the angular difference of 4.7" suggests 
that the age difference between the two 
eruptive events is about 100 years. 

A single site consisting of 40 core samples 
from bedded volcanic bombs from the rim 
of the main cinder cone has a direction of 
remanent magnetization identical to that of 
unit Qs,.  here is no evidence of any un- 
conformity or stratigraphic contact between 
the scoria deposits of the main cinder cone 
and the aggiutinate and scoria deposits of 
unit Qs,. The relations indicate that there 
was no time break between deposition of 
these units and that the main cinder cone. 
irregular scoria mounds, and agglutinate of 
units Qs, are a single unit. Units Ql, and 
Qs, (including the main cinder cone) are 
thus flow and vent facies of a single eruptive 
event. The weighted average of the com- 
bined 40Ar/39Ar ages from units QI, and 
Qs, is 144 + 35 ka. The best estimate for 
the age of this event is given by the com- 
bined weighted mean ages of all the avail- 
able K-Ar (10) and 40Ar/39Ar radiometric 
ages from Qs, and Ql,, and is 136 + 8 ka. 

The best estimate for the age of unit QI, is 
the weighted mean of all the available radi- 
ometric ages, which is 141 9 ka. From the 
reported analytical precision of the com- 
bined weighted mean ages for Q1, and 
(composite) unit Qs,-QI,, the absolute age 
difference between these units is, at most, 29 
ka (19). 

The age estimates for the Lathrop Wells 
volcanic center are corroborated by two U-Th 
ages on massive laminated stalactitic calcrete 
frbm beneath the unit Q1, lava flow that are 
345 (+SO/-70) and 345 (+ 180/-71) ka (20). 
A third U-Th age, obtained on carbonate at the 
base of the eolian sand and silt and tephra (?) 

deposits is 25 + 10 ka (20). This younger age 
is a h u m  because this type of pedogenic 
carbonate may not necessa&be a closed sys- 
tem with respect to uranium (21). Moreover, 
some time is required between the eruption of 
a lava flow and the accumulation of eolian 
material and the formation of pedogenic car- 
bonate. The U-Th age on calcrete from be- 
neath unit Q1, requires that the unit Q1, flow 
be younger than 345 (+180/-70) ka and 
older than 25 + 10 ka. In addition, tighter age 
control is provided by alluvial deposits 3 to 4 
krn northwest of Lathrop Wells that contain 
primary and reworked cinders thought to have 
come h m  the Lathrop Wells volcanic center. 
Uranium trend dates on the Quaternary strati- 
graphic units in the Yucca Mountain area (22) 
indicate that the cinders were deposited be- 
tween 240 + 30 and 145 25 ka. 

The reported isotopic ages and indepen- 
dent geologic evidence contradict recent in- 
terpretations of cinder cone geomorphology 
and soil profile data (9) that suggest that 
there were at least five temporally discrete 
eruptive events at Lathrop Wells, at an age 
of approximately 20 ka. This age estimate, 
based on geomorphic and soil profile data, 
which are, at best, semiquantitative and 
more likely qualitative, is miscalibrated. 
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solution in an ultraionic bath for 10 and 5 min. 
respccti\,elv, and thcn rinsed in diit~lled water In an 
ultrasonic h a t h  for 5 min. From thls material, 
approximately 250 n hole-rock grains were picked 
for irradiation. Sample5 for irradiat~on were cncap- 
sulatcd in alum~nuln cups and arranged in a known 
geomct? along with mineral standardc. The sam- 
ple package \vas placed in a cadmlum lined, 2.5- 
cm-d~amcter alum~num tuhc Then the sample set 
was ~r rad~atcd  1 0  rnin at 8 h1W In the hydraulic 
rabhit of the Los Alamoc h'atiirnal Laboraton 
Omega \Yev reactor b~ fart neutrons to  produce 
the rcactlon "'K(n.p) " ~ r .  After lrradiat~on, the 
samples rrere transferred to  a copper camplc holder 
and loadcd Into the Ar-cutract~on system. I:u5ion 
was 111di1ceii 1)) a 6-M' continuous Ar-ion laser 
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A Novel, Highly Stable Fold of the Immunoglobulin 
Binding Domain of Streptococcal Protein G 

The high-resolution three-dimensional structure of a single immunoglobulin binding 
domain (Bl ,  which comprises 56 residues including the NH,-terminal Met) of protein 
G from group G Streptococcus has been determined in solution by nuclear magnetic 
resonance spectroscopy on the basis of 1058 experimental restraints. The average 
atomic root-mean-square distribution about the mean coordinate positions is 0.27 
angstrom (A) for the backbone atoms, 0.65 A for all atoms, and 0.39 A for atoms 
excluding disordered surface side chains. The structure has no disulfide bridges and is 
composed of a four-stranded P sheet, on top of which lies a long helix. The central two 
strands ( p l  and P4), comprising the NH,- and COOH-termini, are parallel, and the 
outer two strands (P2 and P3) are connected by the helix in a +3x crossover. This 
novel topology (-1, +3x, - l ) ,  coupled with an extensive hydrogen-bonding network 
and a tightly packed and buried hydrophobic core, is probably responsible for the 
extreme thermal stability of this small domain (reversible melting at 870C). 

P KUTEIN G IS h LARGE hIVLTIl>Ob~Alh'  

cell surface protein of group G Strrp- 
tococcrrs, which is thought to help the 

organism evade the host defenses thrbugh 
its protein binding properties (1). A repcat- 
ing 55-residue domain binds to the F, re- 

a2-macroglobulin, a major proteasc inhibi- 
tor of human plasma ( 1). There are nvo such 
repeats in protein G from strain GX7809 

A.  hi .  Gronenhorn and C;. M. Clare, Laboraton of 
Chemical Physics, Building 2, Sational In\t~tutc of Di- 
abetes ,md 1)igestl~c and Kidney Dlscascs. Sarl(~nal 
Institutes of Health, Kcthesda, ML) 20892. 
D. R. Filpula, S. Z. Esslg, A. Achar~, M. MJhltIc)\v, 
Genev Corporation, 16020 Industrial l ) r ~ i c ,  Gaithcrs- 
burg, MI) 20877. 
1'. T. !i'~ngtield. Protein Expression 1,aboratory. Kulld- 
Ing 6, Office of thc I)lrccu)r, S a r ~ ~ ~ n a l  Inst~turcs 11f 
Hcaldi, Bcthesda. ML) 20892. 

and three for the protein from strain 
GX7805, and the sequence identity between 
the various repeats is greater than 90% (1). 
Microcalorimetry of one of these domains, 
known as R 1  (Z), reveals extreme thermal 
stability with a melting temperature (T,,,) of 
87°C and completely reversible thermal dc- 
naturation (3). Further, the unfolding tran- 
sition on urea gradient gel electrophoresis 
(4)  cannot be obscwcd in fill1 as the protein 
remains native up to -8 M urea. These 
features arc highly u~lusual considering the 
small size of the domain and the absence of 
any disulfide bridges or tightly bound pros- 
thetic group. For comparison, the average 
T,,, in a recent compilation of the thcrmo- 
dynamic parameters of u~lfoldi~lg for a large 
number of proteins is -63"C, and only three 
proteins in this collection are more stable 

*To whom corrcspondcnce shc~uid he addressed. than the B1 domain, namely, the Ca2' 
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bound form of panalbum~n (9OoC), neuro- 
toxin I1 (9h0C), and b o ~  lne pancreatic tryp- 
sln ~ n h ~ b i t o r  (RPTI) (10O0(:) (5) The po- 
tentla1 importance of the U 1  doma~n of 
protein G as an analytical tool in immunol- 
ogy, together with its extreme physico- 
chemical properties, prompted us to  under- 
take thc  determir~ition of its thrce- 
dimensional (3D) structure in solution by 
NMR (6) spectroscopy. 

The 'H-NMR spectrum of the B1 domain 
was ass~gned bv using con\cntional 2 D  
NMR methodolop ( 7 )  on a Knikcr AM600 
spectrometer S ~ I ~  sv\terns werc delineated 
by using PE COSY ( 8 )  and HOHAHA (9) 
spcctroscopv to demonstrate d~rect  and re- . . 

layed through-bond connectivities, rcspec- 
tively, while NOESY ( 1 0 )  spectroscopy was 
used to identifj through-space ( 1 5  A) inter- 
actions. The assignment wa5 slightly more 
complex than expecteci because of the dupli- 
cation of thc resonanccs for 22 residues 
arising from the presence of two species in a 
-3:7 mixture with and without post-trans- 
lational processi~lg of the NH,-temminal 
Met, respectively. The pattern and relative 
intensities of the NOEs for the t\vo species, 
however, werc the same within espcrimcntal 
error. Approximate interproton distance rc- 
straints &:ere obtained from NOESY spectra 
recordcd at mixing time5 of 50, 100, and 
150 ms, and grouped into thrcc cla\5es, 1.8 
to 2.7 '4, 1.8 to 3.3 A 11.8 to 3.5 A for 
distances involving N H  protons), and 1.8 to 
5.0 A, which correspo~ld to strong, medi- 
um, and weak NOEs, respectively ( 11, 12). 
T o  help resolve ambiguities in NOE assign- 
ments, spcctra were recorded at 25" and 
41°C. The 3/ ,,,,, ancl y,,i, coupling con- 
stants wcrc measured from PE.<:C)SY spec- 
tra. Stereospecific assignments and +, JJ, and 
x1 torsion angle retraints werc obtained 




