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Evolution of the Northern Santa Cruz Mountains by 
Advection of Crust Past a San Andreas Fault Bend 

The late Quaternary marine terraces near Santa Cruz, California, reflect uplift 
associated with the nearby restraining bend on the San Andreas fault. Excellent 
correspondence of the coseismic vertical displacement field caused by the 1 7  October 
1989 magnitude 7.1 Loma Prieta earthquake and the present elevations of these 
terraces allows calculation of maximum long-term uplift rates 1 to  2 kilometers west of 
the San Andreas fault of 0.8 millimeters per year. Over several million years, this uplift, 
in concert with the right lateral translation of the resulting topography, and with 
continual attack by geomorphic processes, can account for the general topography of 
the northern Santa Cruz Mountains. 

A LTHOUGH THE GENERAL PAT~ERN occurred [the magnitude (M,) 7.1 Loma 
of strain expected around restrain- Prieta earthquake of 17 October 1989 (5, 
ing bends in suike-slip faults has 6)] from which the coseismic uplift pattern 

long been known to result in uplift near the may be inferred, and the geomorphic denu- 
bend ( I ) ,  the long-term dynamics of this dation rates are available. In this paper, I 
uplift have rarely been documented. Strain show that the time scales and magnitudes of 
patterns associated with suike-slip faults 
vary with the bend geometry, and kith the 
slip distribution along the fault (2). Uplift 
rate maxima should coincide with the center 
of restraining bends, and die away from 
these bends in all directions. The combina- 
tion of fault planes that accommodate the 
areal strain is not often known, however. As 
in the dip-slip fault case (3) ,  a full model for 
the development of fault bend-related to- 
pography must necessarily include the pat- 
terns of coseismic uplift, interseismic relax- 
ation, and geomorphic redistribution of 
mass. An added complexity in the strike-slip 
case results from the long-term advection of 
the evolving topography relative to the bend 
(4). The resulting topography rises in alti- 
tude when the local rate of uplift exceeds the 
rate of lowering due to geomorphic process- 
es and decays when the geomorphic lower- 
ing dominates. 

The Santa Cruz Mountains provide an 
excellent location for the study of fault bend 
dynamics because we may infer long-term 
uplift rates from well-dated marine terraces, 
the fault geometry and slip rates are well 
constrained, a recent seismic uplift event has 

Earth Sciences Roard, Un~versity of California, Santa 
C m .  CA 95064. 

Fig. 1. Map of the Santa 
Cruz Mountains sur- 
rounding the slight bend 
in the San Andreas fault 
(SAF) in which the recent 
17 October 1989 earth- 
quake nucleated, as well as 
other major faults in the 
area (slip rates shown in 
millimeters per year; 
SBFZ, Sargent-Berrocal 
fault zone). Index map 
shows the SAF as it passes 
through California, and 
the Garlock fault. Note the 
broad bend in the SAF in 
the Monterey Bay region 
separating straight reaches 
of the fault. Smaller bends 
are the Santa Cruz bend, 
(long dashed) and the 
Black Mountain bend 
(short dashed). Topo- 
graphic contours are 
shown at 200-m intervals 
starting at 300 m. Other 
topography (to the east of 
San Francisco Bay, and on 
the Monterey Peninsula) 
is not shown. Asterisks de- 
note positions of geodetic 
stations occupied by the 
U.S. Geological S u n q  in 
the aftermath of the Loma Prieta earthquake. 

Andreas fault system. 
Locally, the San Andreas fault (SAF; Fig. 

1) slips at a rate of 12.2 * 3.9 d y r  (7, 8). 
The fault bends at several different-scales in 
the Santa Cnu, Mountains (9). In the region 
between San Juan Bautista and the northern 
San Francisco peninsula the SAF describes a 
broad bend with a wavelength of 100 km 
(Fig. 1). This bend is accomplished by 
several shorter bends with divergence angles 
of 8" to 10" and wavelengths of -10 krn. 
One of these (10") is centered north of Santa 
Cruz, the other at Black Mountain (8") just 
west of Los Altos Hills (Fig. 1). The rupture 
associated with the Loma Prieta earthquake 
was centered about the first of these bends. 

The Santa Cruz Mountains hug the SAF 
for -100 km (Fig. 1). The fault crosses the 
middle of the mountain range in a promi- 
nent double restraining bend of approxi- 
mately 3 km amplitude and 10 krn length; 
the northern range occurs west of the fault 
and the southern range occurs to the east. 
The highest topogrGhy in the northern 
range (Mount Bielawski, 985 m) occurs 
near the northern edge of this bend, whereas 

contour interval 200m 
starting at 300m 
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that in the southern range occurs roughly in 
the middle (Loma Prieta, 1185 m) . Both the 
topographic crest and the vertical cross- 
sectional area of the mountain ranges de- 
crease essentially monotonically with dis- 
tance away from the bend in the direction of 
plate motion; the length scale for decay is 
-50 km for the northern range, 30 km for 
the southern. The topographic crest lies 
consistently 1.5 to 2 km away from the trace 
of the fault, and the range is steepest on the 
fault-facing side. 

Four to six marine terraces grace the Santa 
Cruz coastline (Fig. 2) (10-14). These pro- 
vide an opportunity to assess the cumulative 
uplift pattern over several hundred thousand 
years, as the altitudes of the inner edges of 
the wavecut platforms underlying the ter- 
races may be taken to represent ancient 
mean sea level. Recently refined global sea 
level curves allow ages to be assigned to the 
terraces with considerable certainty (10, 12, 
15-18) (Table 1). In addition, the uplift 
pattern normal to the coast is revealed in 
transects 10 to 20 km northwest of Santa 
Cruz. Here, wavecut platforms of increasing 
age display increasing seaward tilt; the rate 
of westward tilting is -0.5" per million 
years (10). 

Data collected during and after the M, 7.1 
Loma Prieta earthquake of 17 October 
1989 shed considerable light on the nature 
of the San Andreas dextral transform 
boundary in this region (5). The focal mech- 
anism of the main shock consisted of both 
right lateral and reverse motion. Aftershocks 
occurred in a zone -40 km in length and 
from -18 to 5 krn in depth (6, 19). The 
locus of aftershocks define a narrow -70" 
southwest dipping plane at depth and a 
more diffuse but generally more vertical 

Table 1. Terrace names, ages (ka, thousand ears 
ago), isotope stages, and altitude of originYfor- 
mation. 

Terrace Age Isotope Altitude 
(ka) stage (m) 

Santa Cruz 81, 105 5a, 5c -19, -9 
Cement 120 5e +6 
Western 212 7a -7 
Wider 330 9a +4 
Black Rock 500 132 0 ? 
Quarry 610 151 0 ? 

zone near the surface (20). Geodetic data 
show that - 1.7 m of strike slip and 1.2 m of 
thrust motion occurred (6,20). The calculat- 
ed uplift pattern (Fig. 2) reveals that maxi- 
mum uplift of 0.55 m occurred parallel to 
the fault and -2 km to the southwest of it 
(21). Models based on these data suggest 
that slight subsidence of up to 0.15 m 
should have occurred to the northeast of the 
fault trace, centered over the eastern flank of 
Loma Prieta Ridge. 

Consider a coordinate system (Fig. 2) 
established with x parallel to the fault in the 
direction of Pacific plate motion, y perpen- 
dicular to the fault, and z vertical. For an 
uplift rate pattern D(x, t) that is fixed in 
space and constant in @me, t, the spatial 
distribution of uplift, z(x, t), is obtained by 
integrating the uplift rate as seen by a parcel 
of landscape traveling with the long-term 
slip velocity, U 

where D(x, t )  is replaced by ~z(x)/T,, where 
64x)  is the uplift per earthquake for a 
characteristic event that it is repeated identi- 

Fig. 2. Pattern of uplift along the 
fault on same scale as Fig. 1, (see 
references in text). Isolines of uplift 
in meters. Note slight subsidence 
on the North American plate east of 
the SAF near the highest part of the 
southern Santa Cruz Mountains. 
The shaded region along the coast 
depicts marine terrace deposits. In- 
set shows predicted uplift along a 
transect A-A' paralleling the coast 
at the location of the inner edge of 
the first terrace. Also shown is the 
coordinate system for calculation of 
total uplift patterns. Not depicted, 
U is the advection velocity, positive 
in the +x direction; and z is vertical 
(elevation); SC, Santa Cruz; SF, 
San Francisco; SJB, San Juan Bau- 
tista. 

cally many times (22), T, is the repeat time 
for such events, and z(x, 0) is the initial 
topography. The marine terraces allow two 
important simplifications. First, the initial 
topography may be taken to be the forma- 
tion altitude of the platform everywhere, a 
proper assumption if all elevations are refer- 
enced to the inner edges of the wavecut 
platforms. Second, in the 81,000 to 
212,000 years since their formation (Table 
l ) ,  the most prominent terraces (Santa 
Cruz, Cement, and Western) should have 
translated 1 to 3 km to the northwest be- 
cause of slip along the SAF. As this is only a 
small part of the -40 km strike-parallel 
width of the single event uplift pattern (Fig. 
2), the contribution of the advective part in 
Eq. 1 is minimal; it may therefore be rewrit- 
ten 

where T, is the age of the particular terrace 
and z, is its present inner edge elevation less 
its initial formation altitude (that is, the total 
uplift). Therefore, if the uplift pattern in- 
ferred from the Loma Prieta event, 6z(x), is 
characteristic, then this pattern should close- 
ly correspond to the pattern of total uplift 
for any particular marine terrace, z,(x); fur- 
thermore, knowing the terrace age, we may 
infer repeat times. The two patterns do 
correspond closely (Fig. 3) to the south of 
S&ta Cruz, but diverge to the north, where 
the terrace elevations-are above those pre- 
dicted. The Greyhound Rock arch (10) (Fig. 
3) represents the most glaring deviation. 

The elevations of the marine terraces be- 
tween Santa Cruz and Watsonville may thus 
be simply explained by uplift caused by 
re~eated Loma Prieta-like earthauakes. The 

1. 

consistent increase in seaward platform tilt 
with age further supports this conclusion. 
The implied repeat time, T,, calculated from 
Eq. 2 is 660 to 720 years. The implied 
maximum uplift rate in the center of the 
uplift pattern is 0.80 rnm/yr (0.55 mi690 
yr). The uplift pattern associated with the 
Loma Prieta event is as yet unverified in the 
far field, that is, along the coast. Although 
the amplitude of the uplift pattern is sensi- 
tive to assumptions made in the calculation, 
the shape of the pattern is most likely ro- 
bust, as it is controlled by the fault geome- 
try; as a consequence, the- calculated repeat 
times will likely change only slightly. 

The excess elevation of the terraces to the 
north of Santa Cruz requires the operation 
of another agent in addition to repeated 
Loma Prieta events. Although activity on 
the nearby San Gregorio fault zone (15) 
could be the cause, the monotonic increase 
in seaward tilt with terrace age (10) implies 
that uplift is centered about the SAF. 
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If the model of the marine terraces is 
correct, then the larger scale features of the 
landscape should also correspond to the 
coseismic uplift pattern. Advection of the 
tectonically generated topography relative 
to the bend, geomorphic attack, and long- 
term accommodation of the load imposed 
by the growing topography will modify the 
landscape and must be considered. 

The total coseismic uplift is related to the 
spatial pattern of coseismic uplift, 6z(x, y), 
the adveaion velocity, U, and 7,. The eleva- 
tions created by translation entirely through 
this uplift pattern may be assessed by treat- 
ing the steady-state case of Eq. 1. The total 
uplift at any point along a path of constant 
distance, y, from the fault becomes 

7 r X  

I assume that there is no initial topography 
and that the slip velocity and the uplift 
pattern have been constant in time. 

A reasonable fit to the calculated uplift 
pattern (Fig. 2) at any fixed distance from 
the fault, y, is obtained with a normal 
distribution 6z(x, y) = ~ z ~ ( ~ ) e x ~ [ -  ( ~ I u ) ~ ] ,  
where 6zo(y) is the amplitude of the pattern, 
which varies with distance from the fault, 
and u is the length scale of the pattern in the 
direction of relative plate motion. Integra- 
tion through the entire uplift pattern yields 
an expected maximum tectonic elevation of 

At a distance of 2 km southwest of the 

0.0 - 
-40 -20 0 20 40 

Distance along coast (km) 

fault trace ( y  = 2 km), corresponding to 
both the northern Santa Cruz Mountain 
crest and the uplift maximum, 6zo = 0.55 
m and u = 25 km (Fig. 2). The maximum 
expected elevation, for a slip rate of 12.2 
mm/yr and an average repeat time of -700 
years, is about 2800 m. The elevation of 
Mount Bielawski is - 1000 m. This estimate 
is sensitive to U, T,, which is directly propor- 
tional to the magnitude of the uplift pattern, 
and 6zo, the maximum per-event uplift. 
However, combination of Eqs. 2 and 4 
demonstrates that the calculation is sensitive 
only to the ratio of uplift at the two loca- 
tions, 6zd8zt, and should therefore be less 
sensitive to future revelations of measured 
uplift pattern magnitude. 

Can the 1800-m discrepancy be account- 
ed for bv a combination of isostatic deflec- 
tion and geomorphic processes? Isostatic 
compensation should have taken place dur- 
ing the 4 million years necessary to translate 
crust through the bend, as compensation 
times are of the order of 1000 to 2000 years 
(23-25). If the Santa Cruz Mountains are 
approximated as a 50-km-wide line load 
oriented parallel to the San Andreas of initial 
height 1800 m the expected deflection is 
-700 m (26). This brings the expected 
topographic maximum down from 2800 to 
2100 m. 

North of the point where the tectonic 
uplift rate equals the decay rate due to 
geomorphic processes, the ridge crest eleva- 
tion should decline monotonically with dis- 
tance. The scale for the decay rate is set by 
the efficiency of the processes, which may be 

Fig. 3. (A) Terrace elevations through the study 
area (see text and Table 1 for references and 
names). All elevations taken at the inner edge of 
the wavecut platform (10, 11). The terraces all 
reach a peak elevation in the region of Aptos, -8 
km south of the mouth of the San Lorenzo River 
(Fig. I ) ,  and display a second maximum well to 
the north, at the Greyhound Rock arch (10). Note 
the slight shift of terrace elevation maxima to the 
northwest with age, as expected from right lateral 
slip on the SAF. (B) Patterns of total uplift at the 
wavecut platform inner edges [difference between 
present elevations (A) and formation elevations 
(Table I)], and Loma Prieta uplift (Fig. 2, inset), 
each normalized with respect to its maximum 
value to fac~litate comparison. The patterns over- 
lay neatly in the region south of Santa C m .  

constrained bv two independent measure- 
ments: (i) the modern sediment fluxes from 
streams draining the mountains, and (ii) the 
decrease of the cross-sectional area of the 
mountain range with time (distance). Sedi- 
ment transport measurements and calcula- 
tions (27,28) for the San Lorenzo basin, the 
largest in the area (roughly 352 km2), indi- 
cate that mean basin-averaged lowering rate 
is -0.27 mm/yr; the rate for the Pescadero 
basin (154 km2) is 0.22 rnmlyr, and the rate 
for the San Gregorio basin (139 km2) is 
0.30 rnmlyr. 

If there is no further tectonic forcing 
along this reach of the fault and if both slip 
rates and geomorphic processes have re- 
mained both uniform in space and constant 
in time for the last 4 million years, then the 
topography of the northern range (Fig. 4) 
suggests that the decal rate of the range 
cross section is 3 km per million years. 
Dividing by the width -of the mountain 
range perpendicular to the fault yields a 
long-term mean denudation rate of -0.2 to 
0.3 mm/yr, in good accord with the modern 
rates. Undoubtedly these average rates are 
underestimates of the rates of crest decline, 
as surficial Drocesses are enhanced with both 
elevation and slope. 

Erosion may therefore account for several 
hundred meteis of elevation decrease during 
the 4 million years needed to translate to- 
pography through the 50-km-wide uplift 
pattern. Therefore, the sum of the coseismic 
forcing (-2800 m), the mantle relaxation 
(- -700 m), and the geomorphic processes 
(- - 1000 m) reasonably result in the 1000- 
m maximum crest heights seen in the north- 
ern Santa Cruz Mountains. 

The predicted uplift pattern cannot ac- 
count for the present elevation of the south- 
ern Santa Cruz Mountains, dominated by 
Loma Prieta Ridge, which is 200 m higher 
than the highest topography in the northern 
range and is centered east of the Santa Cruz 
bend on the subsidence part of the vertical 
displacement pattern based on the Loma 
Prieta earthquake (compare Figs. 1 and 2). 
Other u~ l i f t  mechanisms must therefore oc- 
cur that not only undo the subsidence 
caused by repeated Loma Prieta events, but 
produce positive topography at a rate great 
enough to counter geomorphic erosion as 
well. That the maximum topography on the 
North American side of the fault is at the 
center, rather than the edge, of the bend 
implies that the east side of the fault is 
advecting relative to the bend more slowly 
than the west. One additional uplift mecha- 
nism may be repeated events on the Sargent- 
Berrocal fault system (SBFZ on Fig. 1) (29) 
which shows evidence of both thrust and 
dextral strike-slip motion (30-33). Oblique 
motion on the southwest dipping Sargent 
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fault would both accomplish the proper 
uplift pattern and reduce the long-term slip 
of the resulting topography with respect to 
the bend. 

The proposed recurrence interval of 700 
years for uplift events based on vertical 
displacement pamrns is much longer than 
that calculated using right lateral offset. A 
12.2 mmtyr slip rate (8), and the @t lateral 
offset of 1.7 fiom the Loma Prieta earth- 
quake (5, i,, implies that repeat times are 
-150 years. Either the xnagnitude of the 
inferred uplift pamm is greatly in m r ,  or, 
more likely, other events accomplish right 
lateral strike slip while not adding si@- 
cantly to the elevation of the coastal terraces. 
~ ~ o u s l y ,  1906-type events also accom- 
plish dextral slip [of order 1 to 2 m in this 
reach of the fault, down sharply from the 4 
m to the northwest (34)l. Little is known 
about the vertical defbrmadon patterns asso- 
ciated with these great earthquakes in the 
Santa Cruz Mountains. Local bend-rdated 
events may be responsible for the accommo- 
dation of the slip deficit in this region 
created by 1906-type earthquakes. That the 
slip along this portion of the SAF is accom- 
plished by a variety of events is not unlike 
the complex behavior of other fault zones 
around the Pacific Rim (35). 

Several possible alternative explanations 
for the pattern of the Santa Cruz Mountains 
topography include: pnexisting topography 
now juxtaposed across the fault; differences 
in lithologic resistance to erosion; topogra- 
phy produced by a more complex bend than 

modelcd, the result of compression across 
the fault on a broader scale; or some combi- 
nation of the above mechanhm. If the 
Santa Cruz Mountains result fiom regional 
compression associated with cogst rangcs 
dehnnation (36), and have since becn sliced 
by the SAF, then the northern and southern 
ranges must now be fortuitously juxtaposed. 
Further support that the elevation of the 
coastal terraces dects events on the bend in 
the SAF (37) is the 4' seaward tilt of the 
unconformity between Salinian basement 
and -8- to 10-million-year-old sediments 
(38). Thcsc relations imply a mean tilt ratc 
of -0.4" to 0.5' per million years, in dosc 
accord with the measured tilt rate of the 
terraces. 

I have ignored the c k t s  of events cen- 
tered farther north along the trace of the 
SAF. The elevation of Black Mountain, 
which cannot be accounted for in the pro- 
posed scenario, is perhaps due to repeated 
&quakes centered around the Black 
Mountain bend. I n d d  one scenario for 
the anomalous devatioh of the terraces 
north of Santa Cruz (the Greyhound Rock 
arch) is that this represents the fir field 
&bm of the uplift associated with such 
events. I have not taken into account the 
&kcts of nonuniform strike slip on the SAF; 
nonunihrm slip can sigmficandy affect up- 
lift pattans (2). Nor have I rigorously ad- 
dressed the gcomorphic issues. The W o p e  
proccsscs acting are dominated by landslid- 
ing in a steep, bested landscape, the rates 
of which are controlled by the rates of 

Flg. 4. (A)  looking vicw of northan Sama 
Cruz Mountains topography shown at 10-Ian 
intenals sarting at northwest edge ofuplift pat- 
mn ( y = 30 km in Fig. 2). First p d e  crosses at 
Mount Bielawdci, which is separated from Bcn 
Lomond Mountain by the !jan Lorcnzo River 
dramage. Note gradual ddine in crrstline alti- 
tude with n d w c s t  disawv and deep incisii of 
fhctopograhybynumroussacamsysnms 
~ b y t R r r r d o m . ~ e h a l f - * o f m e  

mt at which the toPwThp (- a ,y' 
elevation is half of dK crcst @t) on the fidt- 
facingsideis-lkm,whilethatontheoutbovd 
side is -10 Irm. (B )  Cross-sectional area of the 
northan range evaluated at samc sections depict- 
ed in (A). Note dK monotonic decline (at roughly 
3m 51an2pcr lOIrm,or2.4to4hntpamillion 
years at a shp rate of 12.2 km per million years) as 
the range is subjected m gwmorphic processes in 
the abscncc of Mcr tectonic forcing. 

incision of a complex arborescent stream 
system, each segment of which defines the 
lower boundary conditions for the adjoining 
hillslopc (39). 

Although the calculations have becn 
based upon the assumption that Loma 
Prim-type events are the sole source of 
uplift to the west of the SAF, it is likely that 
the terrace elevations d e a  a combination 
of types of scismic events. While the opera- 
tion of other such events will alter the 
calculated repeat time of Loma kieta 
events, drc quantitative d of the growth 
of the northern Santa Cruz Mountains is 
sensitive only to the assumption that each of 
thcsc events results in a maximum uplift near 
the fault. The maximum uplift rate of 0.8 
mmEyr is obtained from the product of the 
uplift rate at the inner edge of a terrace (total 
terrace uplift divided by terrace age) and the 
ratio of the uplift near the fault with that at 
the inner edge. Although the ratio used is 
based upon the Loma Prim event, it is 
likely that most coschic uplift patterns 
resulting from movement through the fault 
bend are broadly similar (40). 

In general, the model, wen if incorrect in 
detail, shows that the topography of a re- 
straining bend-related mountain rangc, 
when combined with available geologic 
data, can be used to constrain possible mod- 
els fbr the dynamics of the bend. Over long 
times, advaction relative to the bend of the 
topography d t i n g  from combined coscis- 
mic, interseismic, and geomorphic prooesses 
must be taken into account. The evolution 
of the mountain range cross section and of 
the drainage sysmn provides a data base for 
the assessment of long-term raas of gco- 
morphic processes, and can in addition serve 
as a check on the relevance of modem 
measurements of geomorphic prooesses. 
From the teaonic perspective, the topogra- 
phy can potentially augment geological in- 
formation in the construction of dynamic 
models for particular rrstraining bends, 
within which the operation ofone or several 
discrrte slip planes must accommodate the 
geometrically required a d  strain. From the 
seismological w e ,  the topography 
scrves as an important test for hypothesized, 
potentially quite complex seismic event sce- 
narios operating over long time spans. If 
coscismic d&rmation fields are available, 
long-term average repeat times fbr seismic 
evqts may be i n k e d  from preserved pa- 
leohorizonml markers in the form of marine 
terraces, lake shorelines, or erosional uncon- 
formities. 

REFEFtENCES AND NO= 

1. Scc rrvkw by A. G. Syhresoa, W. Soc. Am. Bull. 
100,1666 (1988). 

2. ? h c s c u c ~ b y R . B i i a n d G . C . P . K i n g ,  
J.  Ccg,kp. Re. 94,10204 (1989). 

SCIENCE, VOL. 249 



3. G. C. P. King et al., ibid. 93, 13308 (1988); R. S. 
Stein et al. ,  ibid., p. 13319. 

4. This must be taken into account if the persistence 
time scale, T ,  for a bend of length A, is large enough 
that U T  > A, where U is the long-term horizontal 
slip rate on the fault. 

5. K. M. McNally et al., Eor 70, 1363 (1989). 
6. G. Platker and J. P. Galloway, Eds., U . S .  Geol. Surv. 

Circ. 1045 (1989), figure 8. 
7. A. Aydin and B. M. Page, Geol. Soc. A m .  Bull.  95, 

1303 (1983). 
8. W. H.  Prescott, M. Lisowski, J. C. Savage, J .  

Geophyr. Rer. 86, 10,853 (1981). 
9. S. P. Nishenko and P. L. Williams, U . S .  Geol. Surv. 

Open-File Rep. OF85-0754 (1985). 
10. W. C. Bradley and G. B. Griggs, Geol. Soc. A m .  

Bull. 87, 433 (1976). 
11. C. S. Alexander, Univ .  Calif: Publ. Geol. 10, 1 

(1953). 
12. T. C. Hanks et al., J .  Geophys. Rer. 89, 5771 

(1984). 
13. M. A. McKittrick, thesis, University of Arizona 

(1988). 
14. G. E. Weber, in Fieldtrip Guide to Coartal Tectonics and 

Coartal Hazards in  Santa C n r z  and San Mateo Countier, 
California, G. E. Weber et a l . ,  Eds. (Cordilleran 
Section, Geological Society of America 75th annual 
meeting, 1979), pp. 81-91. 

15. J. M. Chappell, Search 14, 99 (1983). 
16. - and N. J. Shackleton, Nature 324, 137 

(1986). 
17. D. Merritts and W. B. Bull, Geology 17, 1020 

11989). 
\ -  - , 

18. Latest values for the ages of the 5 a, c, e highstands 
from T. L. Ku et al., Quat. Rer. 33, 129 (1990). The 
Santa Cruz terrace deposits cover two vavecut 
platforms [see (14)] in the town of Santa Cruz. 

19. S. Y. Schwartz, D. L. Orange, R. S. Anderson, 
Geophys. Res. Lett., in press. 

20. J. C. Savage, quoted in (5). 
21. Adapted from figure 3 in (5); updating of the plot 

provided by G. Valensise, personal communication. 
Uncertainty in the vertical scale of this pattern is 
largely due to the unknown height in the crust to 
which rupture occurred. Higher rupture will result 
in enhanced vertical displacement near the trace of 
the fault. The depicted pattern is based on a 5- to 6- 
km nearest approach of the rupture to the surface 
[see also (19)l. Confirmation of the gradient of the 
uplift pattern associated with the Loma Prieta event 
in the Santa Cruz coastal region is found in a single 
tilt measurement made by Applied Geomechanics, 
Inc., based in Live Oaks near Aptos, on the coast 
nearest the epicenter. They recorded 28 prad of tilt 
at an azimuth of 195" on their calibration insm- 
ment (F. Horath, personal communication), in close 
accord with the 25-krad gradient predicted in this 
area. 

22. D. P. Schwartz and K. J. Coppersmith, J .  Geophys. 
Res. 89, 5681 (1984). 

23. B. Bills and G. M. May, ibid. 92, 11493 (1987). 
24. W. R. Peltier, Nature 318, 614 (1985); J .  Geophyr. 

Res. 91,9099 (1986). 
25. L. M. Cathles 111, The  Vircosity of the Earth's Mantle 

(Princeton Univ. Press, Princeton, NJ, 1975). 
26. Calculations based u on the following parameters: 

p, - p, = 500 kgim? H = 4 km [based on a choice 
of Hs,,,,i,/4 for the elastic plate thickness (Z)]; 
E = 40 GPa; v = 0.25 and formula for degree of 
compensation from D. Turcotte and G. Schubert, 
Geodynamicr (Wiley, New York, 1982). 

27. G. B. Griggs and J. R. Hein, Geology 88, 541 
11980). 
\ - -  - - !  

28. T. Best, personal communication. 
29. W. H.  Prescott and R. 0 .  Burford, Bull. Seismol 

Soc. A m .  66. 1013 (1976). 
30. E. A. Hay e; al., ~ d l i f :  D ~ V .  Miner Geol. Spec. Rep.  

140,41 (1980). 
31. W. C. McLaughlin, J .  Res. U . S .  Geol. Surv. 2, 593 

(1974). 
32. W. ~ . ' ~ c ~ a u ~ h l i n  et a l . ,  U . S .  Geol. Surv. Open-File 

Map 88-752 (1988). 
33. This hypothesis is detailed in (19). 
34. A. C. Lawson et al. ,  Camegie Inst. Wash. Publ. 87 

(1908). 
35. W. Thatcher, Nature 341, 432 (1989). 
36. B. M. Page and D. C. Engebretson, Tectonicr 3, 133 

(1984). 

37. The Ben Lomond fault bounding the east side of the 
mountain displays only minor displacement (-200 
to 300 m of dip slip motion), and it occurred before 
the emplacement of the lower Pliocene Purisima 
Formation. 

38. J .  C. Clark, U . S .  Geol. Surv. Pro$ Pap. 1168 (1981). 
39. This system has recently been modeled for the 

Southern Alps of New Zealand [P. 0 .  Koons, Am. 
J .  Sci. 289, 1041 (1989)l. Adding to this complex- 
ity is the clear influence of lithology on the local 
stream system, demonstrated by the wrapping of the 
San L o r e m  and Pescadero drainages around the 
Salinian granitic core of Ben Lomond Mountain 
(Fig. 1). 

40. See (19) for discussion of the uplift pattern expected 
from events on a southwest-dipping Sargent-Berro- 
cal system. 

41. I thank D. Orange, G. Griggs, G. Valensise, and G. 
King for discussions. I appreciate critiques of an 
earlier version of this manuscript by G. Valensise, 
M. Ellis, and D. Orange, and of later versions by D. 
Merritts and three anonymous reviewers. Terrace 
elevations were compiled by J. Buckthal. I thank the 
donors of the Petroleum Research Fund for partial 
support. 

17 April 1990; accepted 6 June 1990 

A Molecular Perromagnet with a Curie Temperature 
of 6.2 Kelvin: [Mn(C5 (cH3)5)2] + [TCNQ] - 

The study of magnetic phase transitions in insulating molecular-solids provides new 
insights into mechanisms of magnetic coupling in the solid state and into critical 
phenomena associated with these transitions. Only a few such materials are known to 
&splay cooperative magnetic properties. The use bf high-spin molecular components 
would enhance intermolecular spin-spin interactions and thus a series of charge- 
transfer (CT) salts have been synthesized that utili2R the spin S = 1 molecular cation, 
[MII(C~(CH~)~),]+ (decamethylmanganocenium). The structure and cooperative mag- 
netic behavior of [Mn(C5(CH3)5)2]+pCNQl- (decamethylmanganoceniurn 7,7,8,8- 
tetracyano-p-quinodimethanide) are reported. This salt is a bulk molecular ferromag- 
net with the highest critical (Curie) temperature (T, = 6.2 K) and coercive field 
(3.6 x lo3 gauss), yet reported for such a material. 

T HE SEARCH FOR MAGNETS COM- underStanding of the mechanisms that stabi- 
prised of discrete molecular compo- lize the parallel alignment of the component 
nents (1, 2) represents a new phase in spins. The energy of the ferromagnetic state 

an enterprise that began with the invention can be written in the simplest case as a sum " 
of the compass (3). However, to date only a of the contributions from painvise interac- 
small class of ferrimagnets (4) and a few well tions between adjacent spins, E(F)  = -XIi. 
characterized b ~ &  molecular ferromagnets SiSj, where Si and Sj are the spins of the 
are known: the halo-bis(diaky1-dichalco- adjacent interacting sites and]i is a coupling 
genocarbamato)iron(III) magnets (5)  and parameter for the interaction between them 
[Fe(C5(CH3)5)2] + [TCNE] - (decamethyl- (1, 3, 7-10). The ground state is ferromag- 
ferrocenium tetracyanoethylenide) (6). Fur- netic if interactions that cause the spins of 
thermore, these latter compounds contain individual pairs to align parallel, corre- 
iron, which is ferromapeti; in its elemental 
form and is the key component of lodestone 
(magnetite). We report that the donor-ac- 
ceptor ([D]+[A]-) charge-transfer (CT) salt 
[fi(C5(CH3)5)2l+[TCNQI- (1) (deca- 
methylrnanganocenium 7,7,8,8-tetracyano-p- 
quinodimethanide) is a true molecular ferro- 
magnet and further propose that molecular 
ions with S 2 1, such as [Mn(C5(CH3)5)2]+, 
are particularly favorable for the preparation 
of mametic molecular materials. 

sponding to > 0, are-dominant in three 
dimensions. Although such interactions in- 
clude Heisenberg exchange for electrons in 
orthogonal orbitals (II), the most widely 
disseminated "prescription" (7) for generat- 
ing painvise ferromagnetic coupling in CT 
salts is based on a recognition by McConnell 
(1) that we may generalize as follows. Per- 
turbative mixing into the ground state of an 
interacting [D]+[A]- pair by a virtual CT 
excited state of the pair will selectivelv stabi- 

V 

Directed synthesis of insulating ferromag- lize a ground state of the same spin multi- 
netic solids from molecular ions requires an plicity as the excited state. Thus ferromagne- 

tism is favored bv constituents for which the 
total spin angular momentum (ST) of the 

W. E. Broderick, J. A. Thom son B. M. Hoffman, lowest-energy virtual state an interact- 
De~artment of Chemisw and Rateiials Research Cen- inp D +  A-  air corres~onds to the sum of 
ter: Northwestern ~nive;sity, Evanston, IL 60208. 

D 

E. P Day, Gray Freshwater Biob cal Institute, Univer- the 'pins D+ and '-, = s ( ~ + )  + 
sity of Minnesota, Navarre, MN B392.  S(A-); antiferromagnetism (or ferrimagne- 
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