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Convergence across the San Andreas fault (SAF) system is partitioned between strike-slip 
motion on the vertical SAF and oblique-slip motion on parallel dip-slip faults, as illustrated 
by the recent magnitude Ms = 6.0 Palm Springs, M, = 6.7 Coalinga, and Ms = 7.1 Loma 
Prieta earthquakes. If the partitioning of slip minimizes the work done against friction, the 
direction of slip during these recent earthquakes depends primarily on fault dip and 
indicates that the normal stress coefficient and frictional coefficient (p) vary among the 
faults. Additionally, accounting for the active dip-slip faults reduces estimates of fault slip 
rates along the vertical trace of the SAF by about 50 percent in the Loma Prieta and 100 
percent in the North Palm Springs segments. 

T h e  San Andreas fault (SAF) system is 
characterized bv the re~eated occurrence of 
large strike-slip offsets. Yet during the last 
decade a number of moderate to laree thrust - 
and oblique-slip earthquakes have occurred 
on faults adjacent to the mapped trace of 
the SAF. These oblique-slip faults are 
thought to accommodate oblique conver- 
gence along the plate boundary [for exam- 
ple (1, 2) ] .  The occurrence of slip parti- 
tioning along major convergent plate 
boundaries has long been known (3), but 
relatively little work has been directed to- 
ward understanding partitioning along 
strike-slip fault zones and, principally, the 
SAF. In this report, we discuss the factors 
that control slip partitioning along the SAF 
zone. 

We focus on the magnitude M, = 6.0 
Palm Springs earthquake of 8 July 1986 (4, 
5 ) ,  the M, = 6.7 Coalinga earthquake of 2 
May 1983 (6), and the M, = 7.1 Loma 
Prieta earthauake of 17 October 1989 (7)- . , 
the largest oblique slip earthquakes to have 
occurred along the SAF during the past 
decade (Fig. 1). The strike of the fault 
plane for each event is nearly parallel to 
that of the adiacent SAF. In contrast. the 
slip vectors differ greatly among the three 
events. Slip during the Palm Springs and 
Lama Prieta earthquakes was approximately 
parallel to the SAF whereas slip during the 
Coalinga earthquake was almost perpendic- 
ular to it. 

In examining the cause for these differ- 
ences, we initially assume that the amount 
of s l i ~  ~artitionine between thrust and . . - 
strike-slip motion will be that minimizing 
the work per unit convergence across the 
fault zone (Fig. 2) (8). Slip is allowed to 
have any rake on the dipping fault but only 
strike slip on the strike-slip fault. We ex- 
amine two possible end-member models of 
how plate motions might be expressed in 
this system (Fig. 3). In the first (9), hori- 
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zontal motion on the two faults equals the 
plate motion; this requires that the footwall 
extend as the surface passes through the 
hinge line (Fig. 3A). In the second, the 
footwall moves with constant speed both far 
from the thrust fault and under it (Fig. 3B). 
Because the velocity is parallel to the thrust 
plane, the horizontal component of the 
motion of the footwall relative to the stable 
plate does not equal the far-field motion. In 
the first model, continuity of the footwall is 
ignored whereas, in the second, any defor- 
mation of the footwall at the thrust fault is 
ignored. 

We determine the value of (I (the azi- 
muth of slip on the thrust) that minimizes 
the work (W) done for a unit of conver- 
gence along a unit length of the boundary. 
More specifically, we determine the value 
of $ that satisfies awls* = 0. We can 
express W as 

where Ws and W, are the work done 
against friction on the strike-slip and thrust 
faults, respectively, WD is the work done in 
anelastic deformation, and WG is the work 
done against gravity. Because the last two 
terms of Eq. 1 depend mostly on the thrust- 
normal convergence rate, which is inde- 
pendent of JI, we ignore these terms (1 0). 
The first two terms can be considered to be 
of the form p u IvI A, where p is the 
coefficient of frictional resistance, u is the 
deviatoric normal stress in the fault, v is the 
slip, and A is the area of the fault plane. 

To differentiate Eq. 1, we must know 
how normal stresses on the two faults vary 
with +. We assume that one principal stress 
is vertical, in which case 

(u, - uz) = (us - uz) sin2A (2) 

where u is stress and the subscripts denote 
normal stresses on the thrust (t), strike-slip 
(s), and horizontal (d planes (Fig. 3C). 
From standard stress tensor identities, a, = 
UH + uh - ux, where the three right-hand 
terms are the maximum (H) and minimum 

Pt. 

Fig. 1. Focal mechanisms, magnitudes, and 
horizontal projection of coseismic slip vectors 
(solid arrows) for large oblique-slip earth- 
quakes that have recently occurred adjacent to 
the mapped trace of the SAF. 

Fig. 2. Oblique convergence oriented at an 
angle 0 to the normal of a plate boundary or 
fault zone is commonly accommodated by slip 
partitioning: a combination of oblique dip-slip 
motion on a dipping fault plane and strike-slip 
motion on an adjacent vertical fault plane. 

(h) principal horizontal stresses and the 
stress on the plane perpendicular to the 
strike (x) of both faults (Fig. 3C). We 
assume that u, does not depend on + 
because our model cannot absorb strain 
parallel to the x-axis. Furthermore, from 
the assumption that the sum of UH + uh is 
unchanged by changes in $ it may be 
inferred that us and, from Eq. 2, a, are also 
independent of +. 

We may now evaluate Eq. 1 by deter- 
mining the slip rates in terms of $, A, and 
0 (Fig. 3, A and B). For the second kine- 
matic model (Fig. 3B): 

v, = V (sin0 - cos0 c o d  tan*) 
( 3 4  

cos0 c o d  
= V (1 + cos2+ tan2A)ll2 

cos* 
(3B) 

For the first case (Fig. 3A) the cosA term 
drops from Eqs. 3A and 3B. Equation 3A 
implies that the slip rate on a planar strike- 
slip fault varies depending on the dip of the 
adjacent thrust fault and the rake of the slip 
vector on the thrust plane. Differentiation 
of W with respect to JI then yields 
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Fig. 3. (A and B) Map and c 
cross section of two limit- 
ing models for the partl- 
tioning of slip as in Fig. 2. 
DIP of oblique slip fault IS 

I 

A. Far-field horizontal plate 
motion V IS oriented at an- 
gle 8 to the normal of the 
parallel faults. Vector v, is X I 

fault 
the horizontal prolection of i x 
the s l~p vector on the dlp- 
plng plane and IS orlented -Y 

at angle $ to the normal of 
the fault strlke Vector v, 1s 
the component of strike- 7 

slip motion accommodated by the vertical strike-slip fault. It is assumed in (A) that the horizontal 
component of motion across the paired fault system equals V. In (B), it is assumed that, much like 
a convevor belt, the s ~ e e d  of motion alona the footwall is eaual to V. A conseauence is that the local 
horizontal compone"t of motion (v,) aLng the dipping' plane will be rotated to angle a = 

tan-'(tan01cosA). (C) Notation used for stress orientations: top, orientation of principal horizontal 
stresses (a, > a,); bottom, normal (u) and shear (7) stresses resolved in the coordinate system of 
the strike-slip fault. 

W e  can set this to zero and then use Eq. 3 
to find that the ratio of the strength of the 
strike-slip fault to that of the thrust fault, R,  
depends solely on $ and A: 

where 0 > + for the first case (Fig. 3A) and 
a > $ for the second (Fig. 3B) (1 1). 

W e  can calculate a uniform stress field 
that is compatible with our kinematic mod- 
el by assuming (i) that the shear stresses on 
the two fault planes must parallel the ob- 
served slip vectors and (ii) that there is no 
shear on a horizontal plane. The assump- 
tions vermit us to estimate the relative 
magnitude of shear and normal stresses on  
the faults for both cases in Fie. 3. - 

Assume that uH is oriented at an angle + 
clockwise from the  normal to the two faults 
(Fig. 3C). By deriving the shear stress on 
the thrust fault and requiring it to parallel 

Thrust dlp angle (A) 

Fig. 4. Dip angle of thrust versus observed slip 
azimuth on thrust, with contours of constant 
values of Rfrom Eq. 5. Observed values of dip 
and rake determined by different investigators 
for the Coalinga (6) (open circles), North Palm 
Springs (4, 5) (squares), and Loma Prieta (7) 
(solid circles) earthquakes are denoted. 

the slip vector, it can be shown that 

where tan( = tan+ cos2A (12). Note that S 
> 1 is equivalent to a, = u3, 0 < S < 1 is 
equivalent to u, = a,, and S < 0 implies 
that a, = a , ,  where u, is the most com- 
pressive principal stress. Thus there is a 
stress field for any value of + that will satisfy 
the requirement that the shear stress re- 
solved on  the two faults parallel the ob- 
served slip vectors. 

The ratio of the magnitude of the shear 
stresses may also be obtained from the 
model. Doing so, it is evident that the 
strength of a fault will not be solelv a 
f u n c k n  of 4, but also the stress differeke 

- u),. 

The ratio of stresses T,/T, reduces to R [ ( I  3) 
Eq. 51, once again revealing that R is 
independent of the orientation of the prin- 
cipal stress or the overall slip direction. 
Thus, constraining the orientation of the 
principal stresses does not constrain the 
relative strengths of the strike-slip and 
thrust planes. 

For any given value of R ,  the predicted 
value of + (Eq. 5) (1 1) strongly depends on 
the dip angle A of the thrust plane. It is 
apparent that the extremely low value of + 
observed for Coalinga is mostly due to the 
shallow dip angle of the fault (Fig. 4). 
In contrast, the larger values of + observed 
for the Lorna Prieta and North Palm 
Springs earthquakes reflect the steeper dips 
of their respective faults. However, with- 
standing the strong dependence on dip, the 

data indicate that R varies along strike of 
the SAF svstem. 

Focal mechanism parameters for the 
Coalinga earthquake consistently plot be- 
neath the line R = 0.75 (Fig. 4),  whereas 
parameters for the Loma Prieta and Palm 
Springs events plot above the line. Both 
the North Palm Springs and Loma Prieta 
earthquakes occurred along segments of the 
SAF that strike at  significantly oblique an- 
gles to the predicted relative plate motion 
vector. Indeed, our observations indicate 
that R decreases with increasing 0 (Figs. 3 
and 5). This relation suggests normal stress 
on  the strike-slip fault must increase more 
than on  the thrust fault as the predicted 
plate motion vector becomes more oblique 
to the strike of the SAF. We examine this 
possibility by calculating us/uz for these 
earthquakes. 

Combining Eqs. 5 and 2 ,  we find that 

First consider that the observed variations 
in R are due solelv to variations in normal 
stresses, that is, CL,/CL, is constant. Using Eq. 
8B we may specify a value of ~ ~ , l p ,  and then 
calculate us/u7 for each earthquake using 
estimates of R from Fig. 4 (Fig. 6). 

Without additional constraints, it ap- 
pears from Fig. 6 that variations in normal 
stresses might alone explain the observed 
variations in R. For instance, for p,/pf = 1 ,  
us/uz equals about 0.5 to 0.6 for the Coa- 
linga earthquake (Fig. 6). However, values of 
u,/u, greater than about 4 would lie outside 

Fig. 5. Computed values of R versus 0 (28) for 
the North Palm Springs, Coalinga, and Loma 
Prieta sectlons of the SAF without any Basin 
and Range motion. Regression line of Rversus 
cos20 is shown for reference. 
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Fig. 6. Dip angle versus R 
pt/ps (= u,/uJ with lines of 
constant normal stress on the 
strike-slip fault (a, /ah. Data 
from ( 6 7 )  plotted for different 
assumed values of p,/p, Val- 
ues of u,/u, ? 4 lie outside 
the stability field predicted 
from Byerlee's Law, and asla, 
< 1 implies an extensional 
stress field if + is small, for 
example, at Coalinga (+ = 6"). 
The combination of these two 
constraints precludes a single 
value of ps /pt from fitting both 
the Coalinga and Loma Prieta 
observations. 

-. 
O ! ' . ; " l . . ; .  . ; . . 1 . . 1  
0" 15" 30" 45" 60" 75" 90" 

Dip angle on thrust (A) 

the stability field inferred from Byerlee's law it to 0.5 for Coalinga and 0.75 for Loma 
(14). Thus we Infer that b,/p,, > 0.75 from Prieta, the estimates of u,/uz are about 1 
the Loma Prieta data. Such a constraint then and 4, respectively. This result seems com- 
implies that us/uz < 1 at Coalinga. We can patible with the correlation between R and 
directly derive the expression for u,/uz by 0, for we expect that us (and, by Eq. 8, 
using the notation in Fig. 3C: us/u,) increases as 0 decreases. Similarly, b, 

might be high in bends along the SAF. 
0 s  - - (UH - ~ h )  

- 1 +  (S - sin2+) (9) 
uz uz 

Thus for us/uz < 1, it is necessary that S < 
sin2+. But observations show that UH at 
Coalinga is oriented about 6" from the 
normal to the SAF (1 5); using + = 6" and 
observed focal parameters for Coalinga, we 
estimate that S from Eq. 6 is between 0.4 
and 0.65. Thus us/uz > 1, and so we suggest 
from Fig. 6 that bs/p,, < 0.5 at Coalinga. 
This lower value of p,/bt may reflect that 
Coalinga is located adjacent to the creeping 
section of the SAF. 

The alternative hypothesis, that us/uz is 
constant, is usually possible because we lack 
constraints on p,/p,,. Thus we can only 
place a minimum bound on variations of 
bslbt. 

Because it is difficult to fit R for both the 
Loma Prieta and Coalinga earthquakes with 
a single ratio b,/p,, we suggest that varia- 
tions in R reflect variations both in the 
magnitude of the normal stresses on the 
SAF and in b,  either between the thrust 
faults or along the strike of the SAF. If we 
minimize the variations in b,/b, by setting 

- - - 
The partitioning of slip requires that slip 

rate varies along the SAF (Fig. 7). Earth- 
quake repeat times T along given sections 
of fault are commonly estimated by dividing 
the coseismic slip u expected to occur dur- 
ing future ruptures by the estimated fault 
slip rate k .  Because estimates of T along one 
section of a fault are commonly determined 
from estimates of slip rate along other sec- 
tions (1 6), documenting variations in slip 
rate resulting from partitioning is impor- 
tant. Our calculations, based on the geom- 
etry of Fig. 3B, maximize the estimate of us 
and minimize that of o,. 

Prentice (17) placed a maximum Hol- 
ocene slip rate across the SAF system of 
about 25 mm/year near Point Arena, Cali- 
fornia, which we assume is characteristic 
south to the latitude of the Loma Prieta 
earthquake, where the value of 0 is 74" 
(18). Thus from Eq. 3A, the slip rate on 
the vertical SAF is about 0.7 . 25 mmlyear 
= 18 mmlyear. Strike-slip offset during the 
last major rupture along this fault section in 
1906 was -2.5 m (16). The T for this 
section is thus 2.5 mi18 mm/year = 140 
years. The same approach can be used to 

Fig. 7. Schematic illustration 
of variation in slip rate that will 
result along a strike-slip fault 
system when oblique slip is 
partitioned between strike-slip 
motion on the main fault and 
oblique dip-slip motion on ad- 
jacent thrust systems (barbed - 
lines). It is assumed that hori- 
zontal motion across the fault 
system (large open arrows) is 
10 cmlyear parallel to the leftmost segment of the fault. The velocity of motion along the vertical 
strike-slip fault and adjacent thrust faults, the angle IJJ between the horizontal projection of the 
thrust-slip vector (arrows on thrust faults) and the strike-normal vector, and the stress ratio U, /a, are 
computed (Eqs. 3, 5, and 8) assuming constant values of R = 0.7 and p,/p, = 0.6, and the strikes 
and dips of the faults shown. 

estimate the T of Lorna Prieta earthquakes. 
Coseismic displacement during the Lorna 
Prieta earthquake was about 2 m (19). The 
slip rate on that fault from Eq. 3B equals 
about 0.45 25 mmlyear = 11.5 mmlyear. 
Thus. the T of similarlv sized events is 
-180 years, similar to the frequency of 
rupture along the main trace of the SAF. 
This conclusion also requires that interseis- 
mic subsidence (20) reduces the coseismic 
uplift of the shoreline terraces observed for 
the Loma Prieta earthquake (21). 

In contrast. the amount of slio accommo- 
dated by Coalinga-type earthquakes must be 
small compared to that on the adjacent 
SAF. The slip rate of the SAF is approxi- 
matelv 33 mmlvear immediatelv to the north 
and sduth and ;hrough the coalinga section 
(22), and 0 is about 80' to 85'. Assuming 
that V = 35 mmlyear, we calculate that the 
total slip rate along the Coalinga thrust fault 
is about 10 to 20% of that along the SAF, or 
about 3 to 7 mmlyear. Dividing the coseis- 
mic slip at a depth of 3.5 m during the 
Coalinga earthquake (23) by 3 to 7 mmlyear 
produces a T of 500 to 1000 years. 

Farther to the south, the relatively sim- 
ple strand of the SAF system within Cajon 
Pass accommodates about 25 mmlvear of , , 
plate motion (24)-a rate that we infer 
extends southeast to San Gorgonio Pass. 
The slip azimuth for the North Palm 
Springs event strikes near parallel to the 
predicted plate motion vector (0 = 9). Use 
of Eu. 3 thus ~redicts that the entire motion 
can be accommodated by earthquakes of 
orientation and slip azimuth similar to the 
North Palm Springs event and that the 
vertical trace of the SAF is virtually inac- 
tive. This result is supported by both the 
lack of neotectonic expression of the SAF 
through the San Gorgonio Pass region (25, 
26) and the largest values of R that we 
inferred along the SAF (Fig. 4) .:,Given that 
estimates of coseismic slip were about 35 cm 
(4) during the event, we should expect a 
relatively frequent occurrence of such 
events (14 years), a frequency not observed 
historically. Because this event is the small- 
est of those we have examined, most likely 
slip along this dipping fault occurs primarily 
during much larger earthquakes, as can be 
inferred from the significant thrust scarps in 
San Gorgonio Pass (28), which parallel the 
strike of the inferred fault plane of the 
North Palm Springs earthquake. 
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Rejection of the "Flying Primate" Hypothesis by 
Phylogenetic Evidence from the €-Globin Gene 

Wendy J. Bailey, Jerry L. Slightom, Morris Goodman 
Whether the bat suborder Megachiroptera (megabats) is most closely related to the other 
suborder of bats, Microchiroptera (microbats), or whether Megachiroptera is the sister 
group of order Primates has been an issue of much debate. Should all bats be classified 
into a monophyletic order (Chiroptera) or do bats have diphyletic origins, and are the 
megabats actually "flying primates"? These questions were addressed by phylogenetic 
analysis of €-globin gene sequences from a number of primates and other eutherian 
mammals. Results of parsimony analysis not only support bat monophyly, but the strength 
of Chiroptera grouping is comparable to that supporting the monophyly of the prosimian 
primate suborder Strepsirhini (galago and lemur). Furthermore, 39 derived nucleotide 
sequence changes are uniquely shared by the megabat (Cynopterus sphinx) and microbat 
(Megaderma lyra) versus three commonly shared by the megabat, primates, and Der- 
moptera or flying lemur (Cynocephalus variegatus), and only two shared by either megabat 
and primates, or by megabat and flying lemur. 

D e b a t e  over chiropteran origins began as microbats, suborder Microchiroptera, in 
early as the 1700s when Linnaeus ( I )  first order Chiroptera-is based on an array of 
placed the bats with the order Primates in  morphological traits including common 
mammalian taxonomy. The classical hy- wing structure, cranial vascular features, 
pothesis (2)-a monophyletic grouping of and fetal membranes (3). Furthermore, 
megabats, suborder Megachiroptera, with Novacek proposed that Dermoptera (flying 

lemur) and Chiroptera are most closely 

W. J. Bailey, Department of Molecular B~ology and related to each other and that they should 
Genetics, Wayne State University ~ c h o o ~  of Medicine, be included in a superorder Archonta with 
Detroit, MI 48201 Primates and Scandentia (tree shrews) 
J. L. Slightom, Department of Anatomy and Cell Biol- 
ogy, Wayne State University School of Medicine, De- (4). 
troit, MI 48201, and Molecular Biology Unit 7242, The In contrast, the diphyly of bats or 
Upjohn Company, Kalamazoo, MI 49007. "flying primate" hypothesis advocates that 
M. Goodman, Department of Anatomy and Cell Biolo- flight evolved twice in once in 
gy and Department of Molecular B~ology and Genet- 
ics, Wayne State University School of Medicine, De- the descent Microchiro~tera* and 
troit, MI 48206. again later in the lineage leading to the 

Megachiroptera from a common lineage 
shared with Primates and Dermoptera (5, 
6) .  Pettigrew's analysis of neural anatomy 
in the visual and motor pathways led him 
to conclude that the brains of Primates. 
Dermoptera, and Megachiroptera share 
important derived features that are absent 
in Microchiroptera (5, 7).  Additional ev- 
idence for the diphyly of bats is the pres- 
ence of a glans penis, found only in 
Dermoptera, Megachiroptera, and Pri- 
mates (8). 

Elucidating the true phylogeny of Chi- 
roptera has relevance to the origins of 
Primates, Dermoptera, and Scandentia. It 
also provides a framework for exploring 
evolutionary processes, because both mega- 
bats and microbats share similar wing struc- 
tures, whereas megabats and primates share 
similar neural pathways. Thus, one set of 
these shared traits represents homoplasy 
(superficial similarity due to convergence or 
reversal). Morphological evidence has 
failed to define accurate phylogenetic rela- 
tionships between megabats, microbats, 
and other eutherian mammals (3, 6, 7) .  

The evidence on bat origins from earlier 
molecular studies have been inconclusive as 
well (9, 10). In seeking more definitive 
molecular evidence. we have analvzed a 
data set of DNA sequences representing the 
e-globin gene from 11 primates, flying le- 
mur, tree shrew, megabat, microbat, rabbit, 
and goat. Our study provides molecular 
evidence from a nuclear gene directed at 
answering whether megabats share a more 
recent common ancestor with primates or 
microbats. 

The €-globin gene in mammals is the 5'- 
most member of the p-globin gene cluster 
that arose from a series of tandem duplica- 
tions, the first of which occurred about 200 
million years ago (Ma) and led to the 
embryonically expressed proto-€ gene and 
the postnatally expressed proto-p gene. By 
the time of the first placental mammals (90 
to 100 Ma), further tandem duplications 
resulted in five gene loci linked in the order 
5'-e-y-q-6-P-3' (I 1 ). In placental mam- 
mals, the E gene has been much less prone 
to undergo further tandem duplications 
than have the other P-type globin genes. 
Therefore, it is well suited for the study of 
phylogenetic relationships because the 
problem of comparing paralogous genes 
(genes derived from duplication events) is 
largely avoided. In addition, the majority of 
the sequence data is noncoding, hence it is 
not under selective constraints that may 
result in functional homoplasies. 

Sequence analysis encompassed 17 or- 
thologous genes (genes derived from speci- 
ation events). The data set consisted of 
sequences from previously published data, 
lambda library subclones, and polymerase 
chain reaction (PCR)-generated clones 
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