
of 10 km, this gives a slip of 2.9 m for 1 2 m of shp 
at Loma Prieta (x = 3 km), h more preclse three- 
dimensional dislocation calculauon yields a shp of 
2.5 2 0.4 m from the surface to 10 km. 
LM. Lisowski. W. H.  Prescott. J .  C. Savage, M .  J .  
Johnston. Geophys. Res Lett. 17, 1437 (1990). 
T. A. Clark et a/. ,  ihtd , p. 1215. 
The EDM measurements were made to station 
Eagle; the GPS occupations were at Eagle Un, -40 
m away. In the calculation the two markers were 
treated as one. On Loma Prieta the GPS occupations 
and the south-directed EDLM hnes were from LP1, 
whereas the EDM lines to the north were from 
Loma USE. We have corrected all measurements to 
LP1. For this solution there are 59 obsenations, 46 
unknowns (2 for each of 23 stations), and no null 
space. 
For strike slip on a verucal dislocation extending 
from the earth's surface to depths of 5 to 15 km, the 
mean-square lack of fit [the residual sum of squares 
corrected for misclosure; see ( 4 ) ]  is 1.4. For strike 
slip on a plane dipping 70' to the southwest the 
mean-square lack of fit is 1.5. Both models provide 
acceptable fits to the data. PV. Thatcher and G. 
Marshall [Eos 17, 554 (1990)l presented similar 
results. In contrast, if the slip vector is constrained so 
that the strike-slip component is 1.4 t~mes the 
dip-slip component, the mean-square lack of fit is 
2.8, a significantly poorer fit. PVith 18 linearly 
independent obsenations and three parameters, 
models with mean-square lack of fit greater than 1.7 
are rejectable at the 95% confidence level. The 
variance in the triangulation measurements estimat- 
ed from the nenvork misclosure is completely con- 
sistent with the a priori estimate of the data variance. 
Near Loma Prieta a total of 33 to 38 m d y r  of slip 
is panitioned between the San Andreas and Cala- 
veras faults. Estimates of slip on the San Andreas 
fault range from 13 mmlyr [W. H. Prescott, M. 
Lisowski, J. C. Savage, J .  Geophys Res. 86, 10.853 
(1981)l to 26 m d y r  [LM. Matsa'ura, D. D. Jackson, 
A. Cheng, [hid. 91, 12,661 (1986)l. 
W. C. Bradley and G. B. Griggs [Geol. Soc. A m .  
Bull. 87. 433 (1976)l estimated uplift rates of as 
much as 0.26 mm/yr. T. C. Hanks, R. C Bucknam, 
K. R. Lajoie, and R. E. Wallace u. Geophys. Res. 
89, 5771 (1984)l estimated an uplift rate of 0.35 
mm/yr. All rates apply to the Santa Cruz coastline, 
the uplift rate at the fault trace is not well known. 
R. S. Anderson, Stier~ce 249, 397 (1990); Yalensise 
and Ward, in preparation. 
The average rate of slip on the San Andreas fault in 
the Carrizo Plains has been 33.9 + 2.9 mm/yr dur- 
ing the last 3,700 years and 35.8 + 5.G-4.1 mm/yr 
during the last 13,250 yr [K. E. Sieh and R. H. 
Jahns, Geol. Soc .4m. Bull. 95, 883 (1984)l; the 
geodetically determined shp-rate somewhat n o d -  
west on the creeping segment of the fault has been 
33 + 1 mm/yr over the last 100 years [PV. Thatcher, 
J .  Geophys. Res. 84. 2283 (1979)l. 
J .  Olson, Geopkys. Rex. Lerr. 17, 1492 (1990). 
As pointed out by T. Heaton (personal conununi- 
cation). Erect a coordinate system with x' ,  horizon- 
tal and normal to fault strike, x', horizontal and 
parallel to fault strike, and x', verucal. The condi- 
tion that the vertical fault be pure strike-slip is 
a ' , ,  = 0. If we assume that one principal stress is 
near vertical. then or2, must also vanish. The hori- 
zontal and vertical shear stresses acting on thr 
dipping fault are glven by T, = a',,sin(S) and 
T~ = (a '11 - u ' ~ ~ ) s ~ ~ ( ~ ) c o s ( ~ ) ,  where S is the fault 
dip. Consider the intermediate principal stress (u2) 
to be vertical and the minimum compression (a,) to 
be at an angle 8 clockwise from x', .  The observed 
rakr of the slip vector in the Loma Prieta earthquake 
requires that T~ = PT,; P - 1.4 or 6 = sin2(0) 
- sin(0)cos(0)/pcos(8) where the parameter + ' (u2 - a3)/(a1 - a3) describes the shape of the 
stress ellipsoid. Note that 41 2 0. as required by 
definition, for 0 2 tanl[l/pcos(S)] = 64". The di- 
rection of maximum compression, consistent with 
thr slip vector in the two earthquakes, ranges from 
64" 5 B < 90". The minimum value of 0 (N16"E) 
occurs when a, = IT,, the maximum (N42"E) when 
u2 = 01. 
A. G. Lindh, C . S .  Geol. Swrv. Opril-Filc Rep 83-63 
(1983); L. R. Sykcs and S. P. Nlshenko,J. Geopkyi. 

Kes. 89, 5905 (1984); C. H. Scholz, Geo~hys. Rex. 
Leir 12. 17 (1985). 

20 H .  Kananlori (personal communication) pointed 
out that the two 1985 Kahani earthquakes. .Ll, 6.6 
(October 1985) and .\1, 6.9 (December 1985) had 
epicenters only 2 to 3 km apart, coincident after- 
shock zones, and similar focal mechanisms; these 
common features suggest that they either ruptured 
the same plane or closely spaced parallel planes; R. J .  
Wetnuller et  dl., Birll. Sutstnol. SOL.  Ani. 78, 590 
(1988); G. L. Choy and J .  Boatwright. ibid., p. 

1627. 
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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 sha1lon~-n~ater carbonate 

deposits. The characteristic specimens came 
from Devonian limestones in Germany (1). . . I hese 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 viva 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 (1 0). 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 man!, 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 (1 1). 

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 ofP.dcobiolog\.. Polish Ac~ds-  
of s ~ ~ ~ ~ ~ ~ ~ .  A, Z,,,lrh i wieun.. 93. PL-02089 them in detail during the Indonesian-Ger- 

L .  

iVarsza\va. Poland. man SONNE 45B cnlise in the fall of 1986 
S.  Kempe. Inatit~ltc of B~ogcochsmisu\. and hlarlne 
Chemistry, Cniversiy of Hamburg. Rundesstrasse 55, ( 12). 
D-2000 Hamburg 13. Germany. Satonda Island, -2  km in diameter, is 
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Fig. 1. Index map to Satonda Island, Indonesia 

located about 2.5 km offshore Sumbawa, 
northwest of the famous Tambora \~olcano 
(Fig. 1). Its central part is occupied by a 
seawater-filled crater lake 1.2 by 0.9 krn 
wide. The steep slopes of the crater rim rise 
up to 300 m above lake level. The lake is 44  
m deep on average and has a central plain 6 0  
to 69  m deep. Satonda volcano has not been 
active for several thousand years. It was, 
however, covered by 50 to 80 cm of ash and 
pumice from the April 1815 cataclysm of 
Tambora. 

The lake is midwater stratified (12) by a 
pronounced pycnocline at a depth of 22.8 m 
that separates an oxic epilimnion, 12.5% less 
salty than seawater, from an anoxic hypolim- 
nion, 4.5% more saline than seawater. The 
oxic layer has a partial pressure of C 0 1  
(pco,) in equilibrium with that of the atmo- 
sphere (-350 ppmv); whereas, in the anoxic 
layer, pco, increases to up to  240,000 ppmv 
at depth.-The dissolved inorganic carbon 
gave 6I3C values of -8.4, -11.4, and 
-21.4 per mil PDB (13) from depths of 10, 
40, and 60 m, respectively. These negative 
values strongly suggest that the main source 
of the high pco, is organic matter washed in 
from the craterrim. Reduction of sulfate to 
H2S and the production of H C 0 3 -  or 
dissolution of fresh volcanic silicates under 
high pco, has increased the total alkaliniy in 
the crate; lake. In the epilimnnion it reaches 
3.5 to 3.6 meqikg (the alkalinity of seawater 
is 2.1 meqikg), and it increases to 48 meqikg 
at the lake bottom. The pH at the lake 
surface reaches 8.42, significantly higher 
than in normal surface seawater. The con- 
stant withdrawal of CaC03 by the calcifv- 
ing cyanobacterial mats has lowered the Ca 
concentration to about half and the M g  
concentration to about 85% of the values in 
seawater and increased the MgiCa molar 
ratio to 8 to 9 (the ratio of seawater is 5). 
Because of the high alkalinity and in spite of 
the low Ca concentration, the epilimnion is 
highly supersaturated with respect to  car- 
bonate minerals: the saturation indices (14) 
reach 0.70 for aragonite, 0.84 for calcite, 
and 2.81 for dolomite [Table 1, sample 
from 10 m depth, calculated with WATEQ 
(lj)] .  These conditions favor the chemical 

precipitation of aragonite and low-Mg cal- 
cite (16). The stromatolitic carbonate is 
precipitated nonenzymatically, that is, it 
shows the typical shifts of about + 5 per mil 
toward higher 613C values (13 samples, 
mean i SD = -3.5 k 1.0 per mil) com- 
pared to dissolved carbonates [-8.4 per mil 
(141 .  

The histon. of the crater lake and of its 
stromatolitesis complex. Beneath the calcar- 
eous mounds we found organic mud; the 
presence of this mud indicates that the crater 
was originally filled with fresh water. Wood 
from that layer yielded a I4C age of 3920 
30 years ago. We believe that at that time, 
part of the crater wall collapsed and seawater 
infiltrated through the renulant of the crater 
wall, which was less than 20 m wide. The 
lake was colonized by marine gastropods 
(Ocenebra, ,Verita, and Curithitrtn) and pe- 
lecypods (Pirzctada and perhaps Lioconcha). 
Eventually the bottom layer turned anoxic 
and produced excess alkalinity, which prob- 
ably through eddy ditfusion significantly 
alkalized the epilimnion. As the lake became 
alkaline, the marine mollusks would have 
been forced into extinction quickly. The 
alkaline environment apparently favored the 
growth of calci5ing cyanobacterial mats. 
On  rocky grounds along the lakeshore, 13  
large stromatolitic reefs have been formed. 
They are more than 1 m thick and occur as 
low mounds and irregular crusts forming 
steep and partly overhanging walls down to 
the present 02 -H2S  interface at depths >23 
m. 

The next event in the lake's histon was 
uplift of the island by >1 m after 310 i 50 
years ago (I4C dates of uplified beach depos- 
its). This uplift forced the beach line to 
recede -100 m and ended the hydraulic 
connection between lake and sea. Input of 
rainwater \vould have diluted the surface 
layer and established a new pycnocline at 
midwater depths (which probably sank 
gradually to its present depth at 22.8 m). 

Today the lake level stands 1.8 m above 
the highest sea level in the wet season and 
0.8 m above it at the end of the dry season. 
Dilution of surface waters by rainfall has 
enhanced colonization of red algae (Peysson- 
tlelia and Lithoporella), nubecullinid forami- 
nifera, and serpulids, ~vhich, together with 
the coccoid cyanobacteria, form the present 
living reef surface. This association is over- 
grown down to 8 m depth by a thick carpet 
of filamentous green algae (siphonoclada- 
leans), which themselves do not calcify. A 
large population of small cerithiid gastro- 
pods (Rhirloclavis sirlensis) grazes on the 
cyanobacteria and green algae. Dotvn to the 
02 -H2S  interface the reef surface is densely 
overgrown by monaxonid demosponges 
(Suberites sp.). 

The living surface of the calcified cyano- 
bacterial mat has a pustular to cauliflower- 
like appearance to a depth of -8 m, whereas 
deeper, it is almost smooth with occasional 
small protuberances. Analysis with the scan- 
ning electron microscope (SEM) shows that 
the mat surface is dotted with numerous fine 
tubercles that are typically located on more 
or less regularly distributed larger knobs 
(Fig. 2, A and B).  The living zone of the mat 
is composed of a thin layer of subglobular 
aggregates of coccoid cyanobacteria (Fig. 2, 
B and C), which, according to current classi- 
fication (17),  can be assigned to the Pletrro- 
capsa group. The gelatinous capsules 
(sheaths) surrounding groups of living 
pleurocapsalean cells are locally covered 
with anhedral granules of low-Mg calcite. 

The weakly permineralized living cyano- 
bacterial layers grade below the surface con- 
tinously into a massive, finely laminated 
limestone composed of alternating micritic 
and sparitic sheets. These are visible in trans- 
mitted light as dark and light laminae, re- 
spectively. In the uppermost 3 to 5 cm of the 
crusts, the laminated structures occur as 
little nodules and thin interlayers between 
the foliaceous thalli of calcareous red algae. 

Table 1. Chemical data of Satonda Cratcr Lake water; pco2 and mineral saturation indices (SI) for 
aragonite (Ara), calcite (Cc), and dolomite (Dol) have been calculated with the program WATEQ (15) ;  
1, sample from 10 m dcpth; 2, sample diluted by 5%; 3, dilution and decrease in temperature by 5"; 4 
and 5, dilution, cooling, and pco, increase; 6, sample from 30 m; 7, sample from 30 rn degassed to 
atmosphericpcoz: 8, for con~parison, seawater sample from Satonda Bay; T, temperature; Sal., salinity, 
Alk, alkalinity. 

Parameter 1 2 3 4 5 6 7 8 

7- ("C) 
Sal. (per mil) 
pH 
Pc02 (pprnv) 
Ca (mmoVkg) 
Mg (mmoVkg) 
C-hlk (mcqlkg) 
SI,,, 
SIcc 
S 1 ~ o ~  
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m. 2. (A) An SEM view of the slightly calcified Living 
surface of the axcoid cyanobacmial mat fiom Satonda 
Crater Lake with h e  tubercles and larger knobs, depth 9 
m; d e  bar is 500 pm. (B) M+cation of (A) showing 
globular capsules (sheaths) of the pleurocapsalean cell 
aggregates forming the mat and a few spicules of the 
6na ion id  spong (Suberitcs sp.) patchily overgrowing 
the cyanobacterial mat; scale bar is 100 pm. (C) Enlarged 
fngment of the above showing details of the iiving su&ce 
ofthe ~IeurocaDsalean mat: scale bar is 30 um. (D) Vertical 
secti& ( d t t e d  e t ) ' o f  a s u k i l  part & H calcare- 
ous coccoid cyanobacterial buildup (mi-tolite) 
h n  Satonda Crater Lake. The lighter q n i t i c  layers 
alternate with darker calcitic layers arranged in a cystose to  
subdathrate pattern typical of some Paleaoic suomato- 
pomids. Arrow indicates cross section of a filament of 
siphonodadalean algae encrusted by cyanobacterial car- 
bonate; sample was at water level; scale bar is 250 )~m. 

Farther down, the limestone is composed 
entirely of variously sized, elongated, and 
irregularly twisted laminated bodies min- 
gleaintoa hard, massive rock. The center of 
each laminated body is occupied by typically 
one or rarely two or durc empty, cylindrical 
tubes, 90 to 220 pm in diameter (Fig. 2D). 
The size and shape of these tubes indicate 
that they are molds of siphonodadalean 
thalli and are essentially similar to the fila- 
ments of Cladophoropsis associated with the 
living surface. The central position of the 
tubes in the laminated structures indicates 
that the siphowcladalean filaments original- 
ly fbrmed the growth base of the laminated 
encrustations. 

The dark laminae are much thinner (15 to 
50 pm) than the light ones (20 to 300 pm) 
and are arranged in a subhorizontal to sub- 
cystose or cystosc manner (Fig. 2D). At 
junctions between neighboring-cysts, sub- 
vertical to vertical wlumn- and pillar-like 
structures occur; the latter typically has a 
characteristic spool-like shape (Fig. 3A). 
Analysis by SEM and energy-dispersive x- 
ray mapping of EDTA-etched sections re-, 
vealed that the dark and light laminae differ 
fundamentally both in &ccostructure and 
mineralogy. The dark laminae display an 
irregularly porous microstructure and are 
composed of low-Mg cakite, whereas the 
light ones are compact and made of fibrous 
aragonite (Fig. 3C). 

The SEM analvses demonstrate that the 
subfossil lamina& bodies are calcareous 
stromatolites (mimbialites) produced by 
coccoid cvanobactcria identical to those 
forming &e mat surface today. Remnants of 
these cyanobacteria are still identifiable in 
the dark as well as in the light laminae. In 
the dark laminae. dusters ofcocwid micro- 
fossils rePcesenti;lg capsules or molds of 
capsules of p l m p s a l e a n  cyanobactcria 
are seen embedded in a granular, calcitic 
matrix (Fig. 3C). Similar if not identical 
capsules are known from other modem and 
fbssi stromatolites (10, 18). In the light 

laminae, residues of the outer common 
sheaths ( g l y d y x )  that surround the coc- 
wid cell aggregates in vivo can be identified 
in only a few samples. With careful etching 
of the aragonite laminae with EDTA, how- 
ever, the traces of a continuous mass of 
coccoid aggregates became visible. These 
traces fbrm rounded depressions that wm- 
spond in size and distribution to the better 
preserved pleumcapsalean aggregates tiom 
the dark laminae. This observation provides 
evidence of a uniform microbial origin of 
the entice saomatolitic structure. 

We suggest that the following events lead 

m. a (A) vertical section ( m m d  light) of 
the subhd part of a dareous m i ~ m a m -  
lite from Satonda Cnter Lake, It shows suomato- 
poroid-like arrangement of the darker calatic 
components among which skeletal elements like 
cysts, laminae, spool-like pillars, and thicker col- 
umns typical of many Pakaoic suomatopomids 
can be distinguished' sample was at water level; 
d e  bar is 100 pm. (B) Enlarged micrograph of 
the above illustrating the mineralogical and tex- 
t d  differences between the in vivo (low-Mg 
cakite) and early postmortem (aragonite) pennin- 
eralized coccoid cyanobacterial mat. Numerous 
filaments of saprotrophic fungi are visible in the 
aqonitic layer; scale bar is 50 pm. (C) SEM 
photomicrograph (vertical section, EDTA etch- 
ing) of the contact between the calatic and arago- 
nitic laminae as shown in (B). Note the well- 
prexaved capsules of pkurwapsalean cyanobac- 
teria in the granular cakitic lamina and the fibrous 
character of the aragonitic lamina. Scak bar is 5 
pm. (D) SEM picture (vemcal section, EDTA 
etching) of an @tic lamina fiom the speci- 
men shown in (B). Arrow indicates remnant of an 
almost totally decomposed coccoid cyanobactd 
aggregate in the dense network of filaments of 
decomposing funs and bacteria; scale bar is 25 
pm. 

to the observed laminated microstructure 
(Fig. 4). First, the cyanobactecia grow to 
dome-like aggregate a few hundred micro- 
meters thick. Then the outer layer is miner- 
alized in vivo by low-Mg calcite. Decay of 
the now encased inner aggregates by sdhte 
reduction increases the akahity beneath 
the calcitic cyst and triggers crystaUization of 
aragonite. Thus the aragonite preserves 
largely decayed cell aggregates in contrast to 
the in vivo pemninecalized aggregates in the 
calcite layer. The interpretation of the arago- 
nite as postmortem precipitate is substinti- 
ated by the occurrence of threadlike struc- 



tures in this layer (Fig. 3, B and D)  that 
closelv resemble hyphae of saprotrophic h n -  
gi or sheaths of sulfiir bacteria indicative of 
anaerobic decay. Calcification as a conse- 
quence of anaerobic decomposition by sul- 
fate reduction is a well-known process be- 
low the zone of photosynthesis in modern 
cyanobacterial mats ( 19). 

This rnodel does not, however, answer 
why the coccoid aggregates can grow non- 
mineralized for some time and what triggers 
calcite precipitation on the mat surface. 
High CaC03 supersaturation is believed to 
be the crucial factor inducing in vivo calcifi- 
cation of cyanobacteria (20), although the 
deposition of C a b 3  can be initiated in 
different ways (21). Fluctuations in supersat- 
uration can be caused by changes in three 
factors: temperature, pco,, and the concen- 
trations of the c a 2 +  and Satonda 
has two seasons: a cool rainy season and a 
hot dry season. During the rainy season the 
lake level rises by - 1 m, and the epilimnion 
could be diluted by about 5%. The lake 
probably also cools by a few degrees Celsius. 
At the same time, organic debris washed 
into the lake produces a temporary increase 
In pcoy 

We have calculated the effects of varia- 
tions in the three factors on supersaturation 
(Table 1). These calculations show that su- 
persaturations of aragonite and calcite can 
indeed be lowered to values comparable to 
their respective seawater supersaturations 
(column 8), that is, to values that apparently 
do not sustain in vivo calcification of the 
qanobacterial mat. Under a reduced super- 
saturation, cyatlobacteria might grow rapid- 
ly without triggering significant calcite pre- 
cipitation (Fig. 4A). With warming and 
evaporation during the d n  season, the criti- 
cal calcite supersaturation (at about 
SI = 0.8) is surpassed and calcite is precip- 
itated at the mat surface (Fig. 4B). 

The calculations are valid only for the 
present conditions. The massive laminated 
bodies apparently formed, hourever, before 
the present epilimnion was established. Ex- 
act chemical conditions at that time are 
difficult to reconstruct. If one assumes that 
the water below the present pycnocline rep- 
resents the former epilimnic water, one can 
calculate its supersaturation at atnlospheric 
pco, (Table 1, columns 7 and 8). The 
resulting supersaturations are large and 
would sustain spontaneous carbonate pre- 
cipitation. These supersaturations are the 
consequence of a few hundred years of 
alkalinity increase caused by sulfate reduc- 
tion and by dissolution of carbonate parti- 
cles sinlung into the anoxic bottom layer. 
Model calculations for the present epilimnic 
conditions illustrate that seasonal variations 
in supersaturations may be strong enough to 

cause the observed lamination in the cyano- 
bacterial buildups. 

The textural patterns observed closely re- 
semble those described in many Paleozoic 
stromatoporoids. The similarity is particu- 
larly striking for the cystose, subcystose, and 
subclathrate strol~latoporoids characterizing 
the initial, Ordovician, and the final, F m -  
menian-Strunian, periods in the history of 
the group. The Ordovician examples include 
stromatoporoids classified to Cystostvornn 
(22, 23), Pserrdostylodictyorr (22, 24, 25), or 
Clatlzrodictyorl (23, 25, 26); the Fammenian- 
Stninian examples include forms described 
as Psseudolnhechia (27) or Styloi . tmma (28). 
Cystose and subqstose patterns remarkably 
similar to those occurring in Satonda stro- 
matolites have also been described from 
early Proterozoic marine stromatolites (29) 
and Quaternary lacustrine microbial tufas 
(30). 

The dark laminae of the Satonda micro- 
bialites are similar to the skeletal elements of 
Paleozoic stromatoporoids, whereas the 
light laminae may correspond to interskele- 
tal spaces. In fossil stromatoporoids, the 
spaces are filled with sparry low-Mg calcite 
that most likely originated from diagenetic 
transformation of primary aragonite or rep- 
resents neospar filling the fenestral spaces 
remaining in the cyanobacterial mats aker 
the decay of the noncalcified coccoid aggre- 
gates. The presence of primary aragonite in 
stromatoporoids has been suggested from 
studies on authigenic quartz inclusions in 

Living coccoid aggregates 

Fig. 4. Diagram illustrating major stages in the 
formation of an arcuate cyst plate in a cystose 
stromatoporoid-like calcareous stromatolite. (A) 
Dome-shaped aggregate of living coccoid q a n o -  
bacteria. (0 )  Periodic in \,ivo permineralization of 
the surficial cells with low-Mg calcite. The noncal- 
cified coccoids remaining below the calcitic cyst 
have been obliterated by heterotrophic microor- 
ganisms post-mortem. (C) The metabolic activity 
of thc decomposing microbiota medates an early 
diagenetic formation of aragonite in the cryptic 
microenvironment. 

Devonian Actirlostroma and Strotnatopora 
(31). Also megaquartz crystals have been 
observed in Devonian stromatoporoids 
(32); the quartz is associated with closed 
spaces filled with organic material that acts 
as nucleating agent. All these observations 
are in agreement with the interpretation of 
stromatoproid morphogenesis given above. 
Irregular stellate patterns (the so-called "as- 
t r o r h e " )  occurring in some stromatopor- 
oids (24) are not present in the Satonda mats. 
The abundance of molds of filaments of si- 
phonwladalean green algae in the stromato- 
lites studied indicate, however, that such pat- 
terns could be easily produced by r h i d s  or 
branched thah of similar algae overgrown by 
the calcifjing qanobacterial mat. 

The species-poor biota of the mildly alka- 
line Satonda Crater Lake parallels the low or 
even extremely low diversity biota associated 
with the extensive stromatoporoid banks 
atld mounds that characterize the Silurian 
and Dev0ni.m carbonate platforms world- 
wide (33). Considering the devastating im- 
pact of alkaline seawater on the marine 
mollusks that once lived in Satonda lake, we 
conclude that a similar increase in alkalinity 
accompanied by changes in the main ionic 
composition may also have caused temporal 
impoverishment of normal marine orga- 
nisms and enhanced development of in vivo 
calcifying stromatoporoid-like qanobacter- 
ial mats in the early Paleozoic epicontinental 
seas. All qlanobacteria are alkaliphilic micro- 
organisms ( 3 4 ) ,  and their abundance can be 
taken per se to indicate that an environment 
is alkaline. At Satonda Crater Lake, the 
generation of stromatoporoid-like stromato- 
lites requires, in addition to increased alka- 
linities, fluctuations in CaC03 supersatura- 
tion levels. The widely accepted models of 
stratified or sluggish early Paleozoic seas 
(35) imply that similar conditions may have 
produced stromatoporoids there. Deeper, 
anoxic basins of those epicontinental seas 
could have easily produced excess alkalinity, 
and these waters, through temporal destrati- 
fication of the water column or upwelling 
systems, could have periodically invaded the 
shallow areas and generated high CaC03 
supersaturation levels that promote the for- 
mation of stromatoporoid stromatolites. 
The periodic changes in CaC03 supersatura- 
tion combined with other changing envi- 
ronmental factors important for cyanobac- 
terial growth such as O2 and levels, 
temperature, and light intensities could alter 
the organization of qanobacterial colonies 
and produce a plethora of mat configura- 
tlOllS. 

A large number of textural patterns have 
been produced by the temporally in vivo 
calcibing mats. On the basis of these tex- 
tures, taxonomists have designated over 

30 NOVEMBER 1990 REPORTS 1247 



2000 species of Paleozoic stromatoporoids 
(36). Compared to their Satonda counter- 
parts, the Paleozoic stromatoporoids arc 
characterized by generally thicker growth 
increments and more regular textures that 
sometimes show almost perfect superposi- 
tion of pillars and columns. This texture 
could have been caused by a larger temporal 
and spatial persistence of regular fluctua- 
tions in the Paleozoic seas compared to the 
hydrochemically less stable and geologically 
short-lived Satonda Crater Lake. 

Stromatoporoids apparently survived the 
Frasnian-Fammenian crisis and became ex- 
tinct during the lowermost Carboniferous 
(Strunian). Their disappearance has been 
mostly attributed to ocean cooling or mete- 
orite impact (37). From our studies on 
Satonda stromatolites we suggest that a 
worldwide decrease in alkalinity and in car- 
bonate mineral supersaturation following 
the Fammenian oceanic turnover (38) may 
better account for the fading of stromato- 
poroid stromatolites from the late Paleozoic 
geological record. 
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Simulation of Tsunamis from Great Earthquakes on 
the Cascadia Subduction Zone 

Large earthquakes occur episodically in the Cascadia subduction zone. A numerical 
model has been used to simulate and assess the hazards of a tsunami generated by a 
hypothetical earthquake of magnitude 8.5 associated with rupture of the northern 
sections of the subduction zone. Wave amplitudes on the outer coast are closely related 
to the magnitude of sea-bottom displacement (5.0 meters). Some amplification, up to a 
factor of 3, may occur in some coastal embayments. Wave amplitudes in the protected 
waters of Puget Sound and the Strait of Georgia are predicted to be only about one 
fifth of those estimated on the outer coast. 

T HE CASCADIA SUBDUCTION ZONE IS 

the area where the Juan de Fuca plate 
and smaller adjacent plates slip below 

the North American continent (Fig. 1). The 
possibility of a massive earthquake in this 
area has recently been recognized (1). A 
seismic sea wave, or tsunami, would be a 
major risk associated with such an event. In 
this report, we present calculations that 
quantify this risk and allow identification of 
the factors that would determine flooding 
levels along the adjacent coast. 

A critical element in tsunami modeling is 
the nature of the initial sea-level displace- 

ment that starts the wave. Because the rup- 
ture takes place on a time scale that is short 
compared to the response time of the ocean 
waters, the sea-surface displacement, which 
causes the tsunami, is practically identical to 
that of the sea bottom. Geophysical argu- 
ments (2) suggest that a vertical uplift of 5 m 
of the ocean bottom along the deformation 
front, decreasing linearly to zero at the coast 
line, is possible during a large earthquake. 
We have modeled only the rupture of the 
northern sections of the Cascadia subduc- 
tion zone (north of 48"N). A maximum 
earthquake magnitude of 8.2 is estimated 
for rupture of each of the Winona and 

M. K.-F. Ng and P. H.  LeBlond, Department of Ocean- segments and of 8'5 for 
o ~ r a ~ h v .  Cniversitv of British Columb~a. Vancouver, simultaneous ruDture of all segments north 
BIG &&da V6T 1 ~ 5 .  

" 

T. S. Murty, Institute of Ocean Sciences, Post Office Box of 48"N (Fig. lj. 
6000, Sidney, BC Canada V8L 4B2. Tsunami propagation from an impulsive 
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