
tions compensates somewhat for the geo- 
metric effect. The disagreement between the 
expected and measured step height men- . u 

tioned earlier may also be explained if each 
step is actually the sum of one (110) inter- 
planar spacing and a CS plane. Although 
previous models of the reduced Ti0,(110) 
surface have not considered the possible 
existence of CS planes or their effect on the 
titania surface structure ( 8 ) ,  the existence of 
these planar defects has been proposed by 
Firment and co-workers (9)  to explain an- 
gle-resolved ultraviolet photoelectron spec- 
troscopy (UPS) data from the reduced 
Mo0,(010) surface, another transition met- 
al oxide surface that forms a variety of CS 
structures. 

The spacing of the rows in Fig. 2 suggests 
that every sixth anion (121) plane is a CS 
plane and that the local composition in this 
area is Ti,O,, while the spacing of the rows 
in Fig. 3 suggests that CS occurs at every 
twelfth anion (121) plane and that the local 
composition is Ti,O,,. Although these 
phases are known to have a higher conduc- 
tivity than rutile, they are still semiconduct- 
ing, a fact verified by tunneling spectroscopy 
measurements. The 0.2 A corrugations 
within the rows of Fig. 2 have a 3.4 A 
spacing, which is very close to the spacing of 
Ti atoms (3.5 A) along this same direction 
in the ideal rutile unit cell. Apparently, the 
nearest neighbor Ti atoms, separated by 
only 3 A along the r axis, are not resolved. 
The distance between adjacent units within 
the rows of Fig. 3, measured parallel to the 
[110] direction, is approximately 6.4 A, 
close to the bulk rutile unit cell spacing in 
that direction (6.5 A). The distance between 
adjacent units in the [I131 direction is 5.6 A, 
which is the distance between the neighbor- 
ing Ti atoms in that direction. However, 
each Ti atom is clearly not imaged, and a 
more detailed model for the atomic struc- 
ture within the rows will have to be formed 
on the basis of additional experiments. 
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Surface Displacements in the 1906 San Francisco and 
1989 Loma Prieta Earthquakes 

The horizontal displacements accompanying the 1906 San Francisco earthquake and 
the 1989 Loma Prieta earthquake are computed from geodetic survey measurements. 
The 1906 earthquake displacement field is entirely consistent with right-lateral strike 
slip on the San Andreas fault. I n  contrast, the 1989 Loma Prieta earthquake exhibited 
subequal components of strike slip and reverse faulting. This result, together with 
other seismic and geologic data, may indicate that the two earthquakes occurred on 
two different fault planes. 

I N ORDER TO UNDERSTAND FULLY THE 

tectonic setting of the 17  October 1989 
M, 7.1 Loma Prieta earthquake and the 

implications of this event for earthquake 
hazard assessment it is important to under- 
stand its relation to the most recent large 
earthquake on this part of the San Andrevas 
fault system, the great 1906 San Francisco 
earthquake. In this report, we recalculate the 
horizontal surface displacements accompa- 
nying the 1906 earthquake as determined by 
historical triangulation measurements. We 
contrast the 1906 deformation in the Loma 
Prieta region with that occurring in the 
October 1989 earthquake u d  discuss the 
implications of these results for earthquake 
recurrence estimates and for future earth- 
quake hazards in the Santa Cruz Mountains. 

Much of what is known about the 1906 
earthquake has come from analysis of geo- 
detic survey measurements (1). The surveys 
consisted of horizontal angle measurements, 
made with a theodolite, taped baselines, and 
astronomic azimuth sightings. Pre-earth- 
quake surveys were conducted in the San 
Francisco Bay region in the 1850s and 
1880s; the region was resurveyed following 
the earthquake in 1906 and 1907 (1906-7). 

In 1908 Hayford and Baldwin (2) pub- 
lished displacement vectors found by taking 
the difference of coordinates derived from 
the 1906-7 survey and coordinates derived 
from earlier measurements. Their results 
showed that displacements of several meters 
parallel to the San Andreas fault extended 
many kilometers from the fault trace. At the 
northern (Point Reyes) and southern (Mon- 
terey Bay) ends of the network, however, 
many of the displacement vectors derived by 
Hayford and Baldwin are opposite to the 
right-lateral motion observed across the San 
Andreas fault. 

We suggest that the anomalous displace- 
ments reflect computational limitations 
rather than measurement errors. In the 1908 
calculations it was assumed that Mount Di- 
ablo, Mocho, and Santa Ana, located 20 to 
40 km east of the San Andreas fault (Fig. l ) ,  
did not move during the earthquake. Errors 
accumulate with distance from these arbi- 
trarily fixed stations, and any true motion of 
these sites would bias the calculated dis- 
placements. Computational limitations pre- 
vented simultaneous inversion of all the data 
and also prevented determination of confi- 
dence intervals. 

Given the considerable advances in com- 

P. Segall, Geophysics Depament, Stanford University, puting b the last years, we can a 
Stanford, CA 74305, and U.S. Geological Survey, Menlo different strategy. We reanalyzed the data 
Park, CA 94025. 
LM. Lisowski. U.S. Geoloeical Survev. Menlo Park. CA using only repeated horizontal-angle and 

" , , 
94025. astronomic azimuth measurements, forego- 
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ing the less accurate distance determina- 
tions. The relative displacements of three 
survey points (between the post-earthquake 
and pre-earthquake surveys) can be simply 
related to the change in the enclosed angle 
(3). We then used a generalized matrix 
inverse to solve for the displacements in 
terms of the measured angle and azimuth 
changes. The result is not unique because 
the data do not constrain some components 
(null vectors) of the displacement field. The 
null vectors are constrained by prior infor- 
mation, and this process yields a so-called 
"model coordinate solutionn (4). Our prior 
model was a simple elastic dislocation model 
of the earthquake (5). 

In order to eliminate effects of the 1868 
earthquake (located on the Hayward fault) 
and the 1865 earthquake (thought to be 
located in the Santa Cruz Mountains) we 
first solved for the displacements of the ten 
stations (6) that were surveyed in the 1880s 
and again in 1906-7. These stations were 
wnnected by 20 angle changes and three 
astronomic azimuth changes. In this solu- 
tion there are three null vectors compond- 
ing to rigid body translation of the entire 
network in the two horizontal directions 
and uniform areal dilatation. Rigid body 
rotation of the network is controlled by the 
astronomic azimuths. We then computed 
the displacements of the remaining stations 
using angle changes from the 1850s to 
1906-7. Because these angle changes do not 
form a well-connected network, we fixed the 
displacements of the ten 1880s stations to 
the values determined by the analysis of the 
1880s to 1906-7 data (7). The displace- 
ments of the 1850s stations are consequent- 
ly less well determined (Fig. 1). 

In contrast to the results of Hayford and 
Baldwin (4, the recalculated displacements 
(Fig. 1) are entirely consistent with right- 
lateral strike slip in the 1906 earthquake. 
Relative displacements vary considerably 
along the strike of the fault decreasing from 
5 to 6 m on the Point Reyes Peninsula to 3 
to 4 m on the San Francisco Peninsula. The 
station at Loma Prieta, in the middle of 
what was to become the rupture zone of the 
1989 earthquake, displaced slightly more 
than 1 m parallel to the trace of the San 
Andreas fault. This motion indicates that 
more than 2 m of strike slip occurred on this 
part of the fault in 1906 (8). 

Horizontal displacements during the 
1989 Loma Prieta earthquake have been 
measured with a variety of techniques. Most 
of the information has come from laser 
electronic distance measurements (EDM) 
(9). changes in distance constrain horizon- 
tal displacements up to rigid body transla- 
tions and rotations of the network (4). 
Global Positioning System (GPS) measure- 

ments between Loma Prieta and stations 
Eagle, Allison, Mount Hamilton, and Fort 
Ord constrain the relative displacement vec- 
tors between these sites and thus the rota- 
tional component of the displacement field. 
The displacement of the Fort Ord site rela- 
tive to stations remote from the epicentral 
region has been determined by Very Long 
Baseline Interferometry (VLBI) (lo), wn- 
straining the translational components of 
the displacement field. A least-squares esti- 
mate of the horizontal displacements during 
the 1989 earthquake from the available 
EDM, GPS, and VLBI measurements is 
shown in Fig. 2 (11). 

It is obvious that the displacement of 

Loma Prieta was markedly different in mag- 
nitude and orientation during the 1989 and 
1906 earthquakes (Fig. 2). In 1989 Loma 
Prieta moved 0.19 m, 0.15 m parallel to the 
fault and 0.11 m perpendicular to the fault. 
This oblique motion is reflected in results 
from uniform-slip elastic dislocation mod- 
els, which yield a ratio of strike-slip to 
dipslip motion of 1.4 (9). In contrast, during 
the 1906 &quake, Lorna Prieta was dis- 
placed 1 m parallel to the fault. 'Ihe difference 
in the magnitude of the displacement is be- 
cause there was more shallow slip in 1906 
than in 1989. The cljlkence in orientation 
means that sense of slip in the two eatth- 
quakes must have been distinctly different. 

Fig. 1. 1906 San Francisco 
earthquake displacements. Dis- 
placements from the 1880s to 
1 9 0 6 7  and the 1850s to 
1906-7 are distinguished by 
different symbols. Ellipses rep- 
resent 95% confidence intervals. 
FA, Farallon lighthouse; MT, 
Mount Tamalpais; RM, Rocky 
Mound; MD, Mount Diablo; 
RH, Red W, SM, Sierra 
Morena; MO, Mocho; LP, 
Loma Prim; SA, Santa Ana; 
TO, Mount Toro; PE, Pulp 
East; PW, Pulp West; GU, 
Guano; PR, Point Reyes. Other 
stations also referenced by two 
letter codes [see (Z)]. 

Fig. 2. 1989 h a  Prieta Im + 
earthquake displacements 
(small error ellipses, 95% 
confidence intervals) com- 
pared to 1880s to 1906-7 37. - 
displacements (large error 
ellipses). The 1989 displace- 
ments are from a joint solu- 
tion with currently available 
EDM measurements, and 
GPS, and VLBI vectors. 40. 
SM, Sierra Morena; RH, 
Red Hill; AL, ALlison; MO, 
Mocho; HA, Mount Hamil- 
ton; LP, Loma Prieta; ER, 
Eagle Rodr, SA, Sanm Ana; I 

FO, Fort Ord; TO, Mount 20. 
Tom. 40' -J' 40' 20' 121" 
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Elastic dislocation models indicate that 
the 1906 displacements can be adequately fit 
by pure strike-slip movement on either a 
vertical fault or a fault dipping 70" to the 
southwest. as in the 1989 Loma Prieta 
earthquakk. Allowing both strike and dip 
slip adds a small component of normal slip, 
opposite to the observed reverse slip in the 
1989 earthquake, but does not significantly 
improve the data fit. Furthermore, if the 
ratio of strike slip to reverse dip slip in the 
Loma Prieta segment is set equal to that 
observed in the 1989 earthquake, the fit to 
the 1906 data is significantly degraded 
(12). The observation that the displace- 
ment of Loma Prieta was so different in the 
two earthquakes means that the slip direc- 
tions must have been different in the two 
events. 

This interpretation is further supported 
by the difference in the long-term rates of 
horizontal and vertical displacement. At the 
latitude of Loma Prieta the San Andreas 
fault accommodates -20 d y r  of the hor- 
izontal motion between the North American 
and Pacific plates (13). The rate of vertical 
motion, as evidenced by the rate of uplift of 
marine terraces along the Santa Cruz coast- 
line, is roughly 0.5 d y r  (14). Even 
though the Loma Prieta segment of the fault 
is misoriented with respect to the relative 
plate motion vector, horizontal displace- 
ment rates exceed vertical rates bv more than 
an order of magnitude. As noted by others, 
this means that earthquakes such as the 
1989 Loma Prieta event with subequal 
amounts of strike slip and reverse slip must 
be relatively infrequent (15) and that pre- 
dominantly strike-slip earthquakes, such as 
the 1906 event, must account for the bulk of 
the horizontal plate motion. 

If the 1906 and 1989 earthquakes oc- 
curred on the same fault plane, then the 
difference in the orientation of the two slip 
vectors presents a problem. As long as the 
slip occurred in the direction of the resolved 
shear stress acting on the fault, the shear 
stress would have to have built up in a 
horizontal sense before 1906 and then ro- 
tated, so that between 1906 and 1989 stress 
accumulation on the fault was oriented at 
-35" from the horizontal. Although such a 
rotation is not impossible, the observation 
that fault slip rates are nearly constant over 
thousands of years (16) implies that the 
loading process is nearly steady state. 

Although models of the 1906 earthquake 
with pure strike slip in the upper 4 to 5 km 
and either no slip or oblique right reverse 
slip below this depth are consistent with the 
geodetic data, they are inconsistent with the 
geology if this slip pattern is repeated over 
any length of time. As discussed above, the 
long-term slip must be dominantly right- 

lateral strike slip at all depths. Furthermore, 
a change in slip vector from strike slip to 
oblique slip at a depth of 5 km results in an 
incompatible strain field unless another fault 
takes ip the reverse slip component at shal- 
lower depths. 

The different mechanisms in 1906 and 
1989 present no problem, however, if the 
two earthquakes occurred on two separate 
faults with different dips. Recently, Olson 
(17) found evidence in the microseismicity 
for a vertical fault distinct from the south- 
west-dipping Loma Prieta rupture plane. 
She relocated earthquakes in the Loma Pri- 
eta region for the 10 years before the 1989 
earthquake. Surprisingly, the data show no 
evidence of a 70" southwest-dipping plane. 
Instead, the seismicity weakly outlines a 
vertical plane extending beneath the mapped 
trace of the San Andreas fault. This plane 
may represent the fault that ruptured in 
1906. 

A vertical strike-slip fault (the San An- 
drea~) and a 70" dipping fault (the Loma 
Prieta rupture) with the same strike can both 
be driven by a temporally and spatially uni- 
form stress. There are a family of applied 
stress states consistent with the observed 
rakes in the two earthquakes. hlaximum 
compression directions c& range from 64" 
from the fault if the intermediate (vertical) 
and minimum principal stresses are equal, to 
<90° if the intermediate and maximum 
principal stresses are equal (18). 

The geodetic, geologic, and seismic data, 
suggest that the 1906 earthquake resulted 
from pure strike slip on a vertical San An- 
dreas fault, whereas the 1989 Loma Prieta 
earthquake resulted from oblique slip on a 
separate, southwest dipping fault. If correct, 
this conjecture has extremely important im- 
plications for the evaluation of recurrence 
models and for present earthquake hazard. 
Before the Loma Prieta earthquake, several 
groups estimated earthquake recurrence 
times for this region using the "time predict- 
able model" (191. In this model the earth- 

\ ,  

quake repeat time is estimated by the slip in 
the most recent event divided by the long- 
term slip rate on the fault. There has been 
some controversy over whether it is more 
appropriate to use reported surface offsets of 
0.4 to 1.5 m, or the geodetic slip estimates 
of -2.5 m for slip in 1906. Using the 
smaller surface offsets yields a shorter repeat 
time, -75 years, versus -125 years using 
the geodetic estimates. As shown above, 
Loma Prieta was displaced 1 m parallel to 
the fault in 1906. Because of the proximity 
of this site to the fault, there must have been 
somewhat more than 2 m of slip at shallow 
to intermediate depths in 1906. Thus, our 
analysis supports the earlier interpretations 
of the geodetic data (5 ) .  

More importantly, if the Loma Prieta 
earthquake bccurred on a separate fault, 
then it is not at all clear that simple recur- 
rence models are appropriate. Although one 
could argue that strain energy is released in 
some volume of the earth's crust and there- 
fore it does not matter which fault the slip 
takes place on, we consider that the earlier 
forecasts should be reevaluated if indeed the 
Loma Prieta earthquake did not occur on 
the predicted fault. Finally, if the vertical 
San Andreas fault did not slip in 1989, we 
should not dismiss the potential for a fu- 
ture earthquake on this structure (20). Al- 
though the 1989 earthquake must have 
decreased shear stress on a vertical San 
Andreas fault at some depths, it presum- 
ably concentrated stress at shallow to inter- 
mediate depths. 

In summary, geodetic, seismic, and geo- 
logic data are consistent with the notion that 
the 1906 earthquake resulted from horizon- 
tal slip on a vertical fault, whereas the 1989 
earthquake resulted from oblique slip on a 
separate southwest-dipping fault. If correct, 
this interpretation implies that earlier recur- 
rence estimates should be reassessed and that 
the present earthquake hazard in the Santa 
Cruz Mountains is not negligible. 
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Modern Cyanobacterial Analogs of Paleozoic 
Stromatoporoids 

J ~ Z E F  KAZMIERCZAIZ AND STEPHAN KEMPE 

Recent and subfossil calcareous structures resembling cystose and subclathrate Paleo- 
zoic stromatoporoids have been discovered in a sea-linked, stratified, alkaline crater 
lake on Satonda Island, Indonesia. The structures are produced by mats of coccoid 
cyanobacteria growing along the lakeshore from the water surface down to the 02-H2S 
interface located at a depth of 22.8 meters. Calcification of  the mats is controlled by 
seasonal changes in calcium carbonate supersaturation in the epilimnion. The internal- 
ly complex structures are a product of  two different calcification processes: (i) periodic 
in vivo calcification of  the surficial cyanobacterial layers by low-Mg calcite, and (ii) 
early postmortem calcification of the cyanobacterial aggregates below the mat surface 
by microbially precipitated aragonite. The finding supports the idea that Paleozoic 
stromatoporoids represent fossilized cyanobacteria (stromatolites). It also implies that 
the stromatoporoid-generating epicontinental seas during the early Paleozoic may 
have been more alkaline and had a higher carbonate mineral supersaturation than 
modern seawater. 

S TROMATOPOROIDS ARE CALCAREOUS 

marine fossils common in many loarer 
Paleozoic shallon,-water carbonate 

deposits. The characteristic specimens came 
from Devonian limestones in Germany (1). . . Ihese true stromatoporoids occur in mid- 
Ordovician to lowermost Carboniferous 
(Strunian) rocks. Most of the upper Paleo- 
zoic and Mesozoic fossils ascribed to stro- 
matoporoids are sponges, predominantly 
calcified demosponges known as sclero- 
sponges or coralline sponges (2, 3). They 
differ significat~tlv from the Paleozoic stro- 
matoporoids in dleir skeletal architecture, 
microstnlcture, and in the presence of spic- 
ules. Such pseudo-stromatoporoid fossils 
have been usually treated as separate groups 
and have been variously named Disjectopor- 
ida, Sphaeractinoidea, and Spongiomor- 
phida (4).  The practice of calling them 
stromatoporoids (3, 5, 6) should be aban- 
doned because it is misleading. 

Paleozoic stromatoporoids have been as- 
cribed to  \,arious groups of organisms, in 
recent years to coelenterates (mostly hydro- 

zoans) (7) and sponges (particularly sclero- 
sponges) ( 8 ) .  No conclusive evidence for 
such affinities has been presented, however. 
Stromatoporoids have also been hypothe- 
sized (9 )  to form from in vivo calcification 
of coccoid cyanobacterial mats comparable 
to certain fossil and recent calcareous stro- 
matolites. This suggestion has been support- 
ed by findings of remnants of coccoid cyan- 
obacteria \vithin skeletal elements of various 
stromatoporoids ( 10). Because living stro- 
matoporoid-like stromatolites have not been 
found, the main question of this hypothesis 
is how the calicifiing mats could produce 
the diversified and in many cases quite regu- 
lar patterns that characterize many stroma- 
toporoids. Some workers have suggested 
that these patterns are too advanced to  be 
products of prokanotic organisms ( 11). 

In this report we describe modern calci- 
fied cyanobacterial mats that closely resem- 
ble certain Paleozoic stromatoporoids. 
These mats were discovered in the crater 
lake on Satonda Island (Indonesia) during 
the Indonesian-Dutch SNELLIUS I1 Expe- 
dition in November 1984, and \ve studied 

J .  KJim~erclak. Inst~nltc of P.dcobiolog\.. Polish Ac~ds-  
of s ~ ~ ~ ~ ~ ~ ~ .  A, Z,,,,rh i pvieun.. 93. PL-02089 them in detail during the Indonesian-Ger- 

L .  

iVarsza\va. Poland. man SONNE 45B cruise in the fall of 1986 
S.  Kempe. Inatit~ltc of B~ogcochsmisu\. and 5larlne 
Chemistry, Cniversiy of Hamburg. Rundesstrasse 55, 2). 
D-2000 Hamburg 13. Germany. Satonda Island, -2  km in diameter, is 
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