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ABSTRACT. Geodetic data comprised of t r i angu la t ion ,  t r i l a t e r a t i o n ,  
and astronomic azimuths observed s ince  late-1906 t o  1978 are 
used t o  obta in  models of hor izonta l  c r u s t a l  deformation i n  
Cal i forn ia .  The three regional  models roughly cover t h e  
Ca l i fo rn ia  Coast Ranges from San Francisco Bay ( $ =  37') 
northward t o  the  Mendocino t r i p l e  junc t ion  ( $  = 40') and from 
the  Great Valley ( A =  121.5') westward t o  the  P a c i f i c  Ocean. 

Each of t h e  three reg ions  is par t i t i oned  i n t o  a mosaic of 
ndis t r ic tsw t h a t  are allowed t o  ind iv idua l ly  t r a n s l a t e ,  r o t a t e ,  
and deform homogeneously as  a l i n e a r  func t ion  of time. By 
approximating the  known geologic  f a u l t s  w i t h  d i s t r i c t  boundaries, 
t h e  r e l a t i v e  motion between d i s t r i c t s  r ep resen t s  s ecu la r  f a u l t  
s l i p .  Because the  geodet ic  data cover such a large area ,  the 
eastward ex ten t  of s i g n i f i c a n t  deformation about t h e  San Andreas 
f a u l t  i n  t h i s  a r ea  i s  de l inea ted  f o r  t he  first time. 

To study the  t r a n s i e n t  postseismic e f f e c t s  of t h e  1906 San 
Francisco earthquake, t h e  da ta  f o r  t h e  1931-1978 time i n t e r v a l  
are sepa ra t e ly  modeled, and these models are compared w i t h  
those f o r  t h e  e n t i r e  time i n t e r v a l .  Resu l t s  show an asymmetric 
p a t t e r n  about the San Andreas f a u l t  tha t  i s  comprised of a 
dramatic drop i n  s t r a i n  rates f o r  a r e a s  eastwardly adjacent  t o  
t h e  rupture  trace and inc ludes  two areas where s t r a i n  rates 
may have r i s e n  through time. Supplementa.1 s t u d i e s  i n d i c a t e ,  
however, t h a t  t h e  da ta  f o r  one of these areas, t h e  Point  Reyes 
peninsula,  are of suspect  qua l i t y .  Throughout these inves t iga t ions ,  
d i r e c t i o n s  of maximum right-lateral shear s t r a i n  f o r  t h e  a rea  
northwest of San Pablo Bay cons i s t en t ly  a l i g n  w i t h  t h e  t r ends  
of t h e  Tolay and Mount Jackson f a u l t s  r a t h e r  than w i t h  t h e  
Rodgers Creek and Healdsburg f a u l t s ,  as t h e  geologic  evidence 
would suggest. 



INTRODUCTION 

The region of Cal i forn ia  affected by t h e  San Francisco earthquake of 1906 has 
received i n t e n s i v e  study over t h e  years ,  beginning wi th  t h e  landmark r epor t  by 
Lawson e t  a l .  (1908). I n  t h a t  report Hayford and Baldwin (1908) documented t h e  
geode t i ca l ly  derived coseismic displacements tha t  l a t e r  proved instrumental  t o  
Reid (1910) i n  e s t a b l i s h i n g  t h e  e las t ic  rebound theory. More r ecen t ly  Thatcher 
(1975a) re-evaluated t h e  1906 rupture  mechanism by c a p i t a l i z i n g  on improved 
a n a l y s i s  techniques as well as  add i t iona l  t r i a n g u l a t i o n  data and (Thatcher 1975b) 
went on t o  c l a r i f y  the  s t r a i n  accumulation process  from 1906 t o  t h e  1960's. 

Beginning i n  t h e  e a r l y  1970's t h e  U. S. Geological Survey (USGS) e s t ab l i shed  
a number of networks i n  t h e  western United S t a t e s  t h a t  are pe r iod ica l ly  re-observed 
using E lec t ron ic  Distance Measuring (EDM) instruments  (see Presco t t  e t  a l .  1979). 
I n  t h e  San Francisco Bay area, Prescot t  e t  al. (1981) used t h e  changes i n  
l ine- lengths  determined from t h i s  decade-long monitoring program, supplemented 
wi th  a c o l l e c t i o n  of small-aperture fau l t -c ross ing  networks o r  alignment a r r ays ,  
t o  descr ibe  t h e  s l i p  and deformational processes  present ly  occurr ing  over t he  
San Andreas, Hayward, and Calaveras f a u l t s .  Savage (1983) i n t e g r a t e s  t h e  r e s u l t s  
from these recent  papers and from o the r  i n v e s t i g a t i o n s  t o  supply a concise  
overview, both s p a t i a l l y  and temporally, of t h e  s t r a i n  accumulation p a t t e r n s  
along the  e n t i r e  reach of t h e  Ca l i fo rn ia  Coast Ranges. 

An outgrowth of these s t u d i e s  i s  t h e  conclusion tha t  s t r a i n  rates between 
earthquakes vary s i g n i f i c a n t l y  wi th  time, and a v a r i e t y  of models has been 
proposed t o  explain t h e  temporal changes i n  strain rates fol lowing an  earthquake. 
Thatcher (1983) presents  two such models, inc luding  appropr ia te  parameters, tha t  
adequately f i t  t h e  geodet ic  da t a  discussed previously: one model c o n s i s t s  of 
an  i n f i n i t e l y  deep f a u l t  embedded i n  an e l a s t i c  ha l f space  where t h e  amount of 
s l i p  on t h i s  f a u l t  v a r i e s  w i t h  depth and time; t h e  o the r  model restricts t h e  
f a u l t  t o  l i e  wi th in  a t h i n  elastic p l a t e  ( l i t hosphe re )  t h a t  i s  coupled t o  a 
v i s c o e l a s t i c  substrate (asthenosphere).  

Our a n a l y s i s  upholds the  fundamental conclusions of these previous studies--as 
i t  should s ince  i t  incorpora tes  near ly  a l l  of t h e  same geodet ic  data. 
our study differs ,  however, is t h a t  through the  technique developed by Snay e t  
a l .  (1983) more data are enabled t o  participate i n  t h e  a n a l y s i s  because survey 
p r o j e c t s  need no longer  overlap w i t h  t h e  same geometric conf igura t ion  from epoch 
to  epoch.. These addi t iona l '  geodetic data, wh i l e  not o r ig ina l ly  observed for 
gauging c r u s t a l  deformation, are capable never the less  of revea l ing  more s u b t l e  
d i s t i n c t i o n s  i n  t h e  s t r a i n  rate pa t t e rns ,  through increased observat ional  dens i ty  
both s p a t i a l l y  and temporally,  and can be used t o  determine s t r a i n  rates i n  
a r e a s  f a r  removed from t h e  typ ica l  l o c a t i o n s  of crustal motion monitoring 
networks. 
Coast Ranges northward of any previous study, we determine s t r a i n  rates i n  t h e  
Great Valley eastward of any previous study ( thereby de l inea t ing  t h e  ex ten t  of 
primary deformation),  and we note an asymmetrical p a t t e r n  of s t r a i n  r e l axa t ion  
about t he  San Andreas f a u l t  t h a t  inc ludes  two areas where t h e  models imply t h a t  
s t r a i n  rates rise through time (although l a r g e  u n c e r t a i n t i e s  are attached t o  
t h e  v a l i d i t y  of those r i s i n g  rates). 

Where 

Our study the re fo re  d i f fe rs  i n  t h a t  we determine s t r a i n  rates i n  the 

The data a n a l y s i s  procedure, implemented by t h e  National Geodetic Survey (NGS)  
and e n t i t l e d  project REDEAM ( f o r  REgional Deformation of t h e  EArth Models), has 
produced a series of mathematical models represent ing  16 regions of Ca l i fo rn ia  

2 



I Adding 

Figure 1.--Project REDEAM has der ived a hor izonta l  c r u s t a l  motion model for each 
of 16 regions i n  Cal i fornia .  Models for  t h e  San Francisco, Santa Rosa, and the 
western h a l f  of the Ukiah region are presented i n  t h i s  repor t .  

(see fig. 1 )  t h a t  toge ther  quant i fy  both t h e  historical  secu la r  and ep i sod ic  
hor izonta l  c r u s t a l  deformation processes over t h e  e n t i r e  state (see Snay e t  a l .  
1985). The r e s u l t s  from p ro jec t  REDEAM f o r  t h e  San Francisco, Santa Rosa, and 
the  western half  of t h e  Ukiah region--that area best described as  t h e  Ca l i fo rn ia  
Coast Ranges s t r e t c h i n g  from San Francisco Bay northward t o  the Mendocino t r i p l e  
junc t ion  (see fig.  2)--are discussed here along w i t h  add i t iona l  s t u d i e s  t h a t  
document t h e  postseismic deformation s ince  1906. 

ANALYSIS PROCEDURES AND DATA 

The basic technique i s  t o  spec i fy  a mathematical model tha t  describes geodet ic  
pos i t i on  as a func t ion  of time and then t o  estimate t h e  parameters of t h i s  model 
by a simultaneous leas t - squares  adjustment of a l l  pe r t inen t  geodet ic  data. 
mathematical formulation of t h e  model a l lows f o r  both secu la r  and ep i sod ic  

The 
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Ff .gure 2.--Selected f a u l t s ,  c i t i e s ,  and o the r  po in t s  i n  t h e  Ca l i fo rn ia  Coast Ranges 
and Great Valley f o r  t h e  area of t h e  three reg ions  modeled. 
(no t  shown) p a r a l l e l s  t h e  Healdsburg f a u l t  af ter  an 8-km right s tep .  

The Maacama f a u l t  

movement of t he  s t a t i o n s ,  where t h e  secular motion is modeled by d iv id ing  a 
region, such a s  t h e  San Francisco region,  f o r  example, i n t o  a mosaic of "districts." 
Each d i s t r i c t  w i th in  a region i s  allowed t o  t r a n s l a t e ,  r o t a t e ,  and deform 
homogeneously a t  a constant  rate w i t h  respect t o  time. 
known geologic  f a u l t s  w i t h  d i s t r i c t  boundaries, t h e  r e l a t i v e  motion between 
d is t r ic t s  al lows f o r  s ecu la r  f a u l t  s l i p .  Th i s  is not t o  say t h a t  a l l  d i s t r i c t  
boundaries correspond t o  f a u l t s ;  some d i s t r i c t s  are introduced simply t o  inc rease  
the  spa t ia l  r e so lu t ion  of t he  secular motion. Modeled ep i sod ic  motion corresponds 
t o  displacements assoc ia ted  w i t h  large (M>6) earthquakes; however, because of 
t he  seismic quiescence i n  t h i s  a rea  following t h e  1906 earthquake (see Ellsworth 
e t  al .  1981) and because no geodet ic  data observed before  t h e  1906 event 

By approximating t h e  

4 



p a r t i c i p a t e  i n  these particular REDEAM s tud ie s ,  no ep isodic  motions are modeled 
i n  any of t h e  three reg ions  s tud ied  here. 
of t h e  REDEAM modeling procedure, see Snay e t  a l .  (1983). 

For a d e t a i l e d  mathematical desc r ip t ion  

From t h e  method of pro jec t  REDEAM we are able t o  describe adequately t h e  
der ived deformation of each d i s t r i c t  w i t h  q u a n t i t i e s  t h a t  denote the d i r e c t i o n  
of maximum r i g h t - l a t e r a l  shear s t r a i n  ( 9 )  and the  (engineer ing)  shear s t r a i n  
rate (f) i n  t h a t  d i r ec t ion .  
time, i n  d i r e c t  opposi t ion t o  t h e  nonl inear  charac te r  of t h e  s t r a i n  r e l a x a t i o n  
phenomenon we in tend  t o  examine. 
of changing t h e  time span of t h e  da t a  f o r  which t h e  s t r a i n  rate is appl icable ;  
for  ins tance ,  we obta in  models for  a l l  da t a  observed from (a )  late-1906 t o  1978, 
( b )  1922 t o  1978, and (c )  1931 t o  1978. Figure 3 shows a s t a t i o n - d i s t r i b u t i o n  
p l o t  of t h e  geodet ic  s t a t i o n s  t h a t  were posi t ioned more than once during t h e  
1906-1 978 interval. The stations are symbolized to represent the time between 
a s t a t i o n ' s  earliest pos i t i on  determination and i ts  most recent  posi t ioning.  
The d i s t r i c t  boundaries f o r  t he  modeled reg ions  are shown a lso .  

S t r a i n  rates, however, are l i n e a r  func t ions  of 

We reconci le  t h i s  c o n f l i c t  by not ing t h e  effect 

The very act  of a wholesale d iscard ing  of heterogeneously overlapping survey 
p r o j e c t s  by observat ion date can undeniably a l ter  the  d i s t r i b u t i o n a l  cha rac t e r  
of t h e  data, perhaps leav ing  some d is t r ic t s  untouched by the  purge w h i l e  o t h e r s  
may be near ly  decimated of remaining p ro jec t  overlap. 
s t a t i o n - d i s t r i b u t i o n  p l o t  f o r  t h e  1931-1978 i n t e r v a l ,  i nd ica t ing  through comparison 
w i t h  f i g u r e  3 t h a t  except i n  t h e  western Ukiah region no major a l t e r a t i o n  i n  
the  s p a t i a l  arrangements of the  s t a t i o n s  from which the  s t r a i n s  are  computed 
has  resu l ted .  Nevertheless,  some i n t e r p r e t a t i o n s  based s o l e l y  upon t h i s  method 
of a n a l y s i s  may prove quest ionable .  
w i th  an add i t iona l  form of ana lys i s .  

Figure 4 shows a 

For t h i s  reason we supplement our i n v e s t i g a t i o n s  

I n  t h e  supplemental method an ind iv idua l  survey project containing data observed 
over t he  span of a few months is sepa ra t e ly  processed t o  obta in  minimally 
constrained leas t - squares  estimates of s t a t i o n  pos i t i ons  f o r  a r ep resen ta t ive  
year. 
g ive  a displacement vec tor  f o r  each s t a t i o n  common t o  both projects .  
vec to r s  f o r  a group or polygon containing a t  least three s t a t i o n s ,  a s t r a i n  
tensor  is determined t h a t  q u a n t i f i e s  t h e  deformation over t he  homogeneous ex ten t  
of t h e  polygon f o r  t h e  elapsed time between t h e  compared surveys. Because t h e  
polygons cover a smaller area than most REDEAM d i s t r i c t s ,  the supplemental method 
allows an increased spa t ia l  r e so lu t ion  of t h e  deformation. 

The d i f f e rences  i n  these pos i t i ons  from survey t o  survey (epoch t o  epoch) 
From the 

The da ta  cons i s t  of t r i angu la t ion  ( ang le s ) ,  t r i l a t e r a t i o n  (d i s t ances ) ,  and 
astronomical azimuths. The e a r l i e s t  observat ions date from late-1906, fol lowing 
t h e  San Francisco earthquake, and t h e  la tes t  observat ions date from 1978. 
San Francisco and Santa Rosa regions each contain approximately 880 s t a t i o n s ,  
9250 d i r e c t i o n s ,  1050 d is tances ,  and 30 azimuths,  l o s i n g  approximately 40 
s t a t i o n s ,  750 d i r e c t i o n s ,  20 dis tances ,  and 7 azimuths f o r  t h e  1931-1978 
data-reduced models. The e n t i r e  Ukiah region conta ins  789 s t a t i o n s ,  6248 
d i r e c t i o n s ,  627 d is tances ,  and 21 azimuths, but  only t h e  r e s u l t s  of t h e  western 
half  of t h e  reg ion  are presented here. 
t o  support  a meaningful model f o r  t h e  s h o r t e r  time i n t e r v a l s  considered f o r  t h e  
o the r  reg ions  (see figs. 3 and 4 ) .  
an  add i t iona l  101 i n  l a t i t u d e  and longi tude beyond t h e  adopted reg iona l  borders, 
helping t o  ensure a smooth t r a n s i t i o n  i n  s t r a i n  va lues  from one region t o  another.  
The REDEAM model f o r  each independently ad jus ted  region i s  minimally constrained,  
meaning t h a t  one poin t  o r  s t a t i o n  i n  each region i s  assigned s p e c i f i c  geodet ic  

The 

The data for  t h i s  region are i n s u f f i c i e n t  

Data f o r  each of t h e  three reg ions  extend 

.5 



coordinates  and t h i s  s t a t i o n  acts as  an  o r i g i n  of reference a t  which no movement 
is allowed. 
information concerning the "absolute" 

These c o n s t r a i n t s  are necessary because t h e  data contain no 
pos i t i on  o r  ve loc i ty  of t h e  network. 

-1 24O -1 23O - 1 2 2 O  
40° 

39O 

38O 

37O 
- 1  24O -1 23O -1 22O 

40° 

39O 

38O 

37O 

Figure 3.--Station-distribution p l o t  f o r  t h e  1906-1978 i n t e r v a l .  The geodet ic  
s t a t i o n s  are symbolized t o  reflect t h e  time between t h e  earliest and la tes t  
observat ions a t  t h a t  s t a t i o n .  
the three regions.  

Roman numerals i d e n t i f y  the  d i s t r i c t s  i n  each of 
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-124O - 1  23O - 1 2 2 O  
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- 39O 
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- 1 2 4 O  -123O - 1 2 2 O  

Figure 4.--Station-distribution plo t  for the  1931-1978 interval .  Comparison with 

Roman numerals i d e n t i f y  the 
figure 3 shows that  no major re-dis tr ibut ion of the s t a t i o n s  r e s u l t s  from the  
wholesale discarding of data observed before 1931. 
districts. 
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Standard errors of t h e  observat ions are assigned a p r i o r i  according t o  NGS 
gu ide l ines  (Schwarz 19781, where t h e  most prec ise  d i r e c t i o n  observat ions of NGS 
rece ive  a standard error of 3 prad, ind iv idua l  azimuth observat ions t y p i c a l l y  
have a s tandard e r r o r  of 7 prad, and d i s t ances  are assigned a two-part s tandard 
error based upon an instrument constant  and a component proport ional  t o  the  
length  of t h e  l i n e  measured. Uncer ta in t ies  on estimated parameters throughout 
t h i s  r epor t  are wformalw one-standard-error estimates t h a t  are generated d i r e c t l y  
by t h e  leas t - squares  process,  where l i n e a r  e r r o r  propagation i s  assumed. 
Snay e t  al. (1983) for  elaborat ion.  

See 

RESULTS 

Figure 5 is a montage of the REDEAM r e s u l t s  f o r  t h e  three 1906-1978 regions,  
where the d i r e c t i o n  of t h e  d i s t r i c t  f i l l  l i n e s  corresponds t o  the d i r e c t i o n  of 
maximum right-lateral shear  ($) and the l i n e  dens i ty  corresponds t o  t h e  magnitude 
of t h e  (engineer ing)  shear s t r a i n  rate (:). We adopt t h i s  wline-densityw method 
of present ing t h e  results over tha t  of showing t h e  p r inc ipa l  s t r a i n  rates of L1 
and E2 because the  magnitudes of t h e  p r inc ipa l  s t r a i n  rates are d i r e c t l y  related 
t o  t h e  d i l a t a t i o n  rates f o r  the d i s t r i c t s  and, as  Snay et al. (1983) emphasized, 
scale errors of several par t s  per  m i l l i o n  among t h e  d i f f e r e n t  d i s tance  da ts  sets 
may contaminate t h e  d i l a t a t i o n  rates by 
lesser effect on and (J, making these  q u a n t i t i e s  more r e l i a b l e .  

s t r a in /y r .  Scale e r r o r s  have a 

Figure 5 clearly shows t h a t  f o r  t h i s  time period moderate shear s t r a i n  rates 
(-0.3 f 0.1 urad/yr )  occur over a broad area i n  t h e  San Francisco Bay area but 
become concentrated c lose  t o  the  San Andreas faul t  and bui ld  i n  magnitude 
proceeding t o  t h e  northwest, reaching a maximum a t  Point Arena ('1.3 & 0.1 
prad/yr). 
straddles t h e  f a u l t . )  I n  t h e  Great Valley east of t h e  Coast Ranges, l o w  shear 
s t r a i n  rates (-0.08 +. 0.07 urad/yr)  parallel the  San Andreas s t r ike  d i r e c t i o n ,  
thereby roughly de l inea t ing  t h e  eastward ex ten t  of s i g n i f i c a n t  deformation. 
the Coast Ranges of t he  Ukiah region, moderate shear  s t r a i n  rates ("0.3 f 0.1 
prad/yr) again occur over a broad area, w h i l e  s t r a i n  rates along t h e  coastal 
d i s t r i c t  of t h e  Ukiah region, which appear extreme i n  f i g u r e  5 ,  are shown i n  
table 1 t o  have a l a r g e  uncer ta in ty  ('0.9 +. 0.3 Vrad/yr),  a t t r i b u t a b l e  t o  poor 
s t a t i o n  d i s t r i b u t i o n  (see fig. 3). 
the s t r a i n  rates determined i n  t h e  Coast Ranges and Great Valley of the Ukiah 
region (d is t r ic t s  1 1 1 - V I )  d i f f e r  from the  o the r  reg ions  and d i s t r i c t s  i n  t h a t  
t h e  dates range from about 1940 t o  1970. 

(Note, however, t h a t  t h e  r e l a t i v e l y  small d i s t r i c t  a t  Point  Arena 

In  

For t h e  most' part, dates of observat ion f o r  

The small dark square near  t h e  cen te r  of f i g u r e  5 and wi th in  the Santa Rosa 
region r ep resen t s  t h e  Geysers geothermal steam f i e l d  near  Clear Lake ( d i s t r i c t  
I V ) .  A s  mentioned by Denlinger and Bufe (1982) the  hor izonta l  displacements of 
t h e  s t a t i o n s  i n s i d e  t h e  producing area are h ighly  nonl inear  i n  space and time; 
hence i t  i s  no s u r p r i s e  t h a t  our  va lues  of 7 and J, di f fe r  s l i g h t l y  from theirs 
consider ing t h a t  t he  REDEAM data i n  t h i s  d i s t r i c t  were observed during 1972 t o  
1977 and, f o r  one s t a t i o n ,  1949. Also we expand the  area of geothermal deformation 
t o  inc lude  11 s t a t i o n s ;  Denlinger and Bufe use  only s i x  s t a t i o n s .  The REDEAM 
values ,  l i k e  those of Denlinger and Bufe (1982), never the less  show a s t r a i n  rate 
of an order of magnitude greater for  t h i s  d i s t r ic t  over most other d i s t r i c t s ,  
i n d i c a t i n g  t h a t  t h e  s t r a i n  desc r ip t ion  i n s i d e  the steam f i e l d  should be separated 
from t h e  surrounding d i s t r i c t .  Obviously because the  data i n  t h i s  p a r t i c u l a r  
d i s t r i c t  a l l  postdate  1931, t h e  s t r a i n  rate i n  t h i s  d i s t r i c t  i s  e s s e n t i a l l y  
unaffected by our data-shortening scneme of study. 
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Figure 5.--Shear s t r a i n  rates determined f o r  t he  three 1906-1978 models. Di rec t ion  
of maximum right-lateral shear s t r a i n  ( 9 )  and the (engineer ing)  shear s t r a i n  
rate (f) i n  t h a t  d i r e c t i o n  are shown f o r  each d is t r ic t  by these l ine-dens i ty  
patterns. Values are l i s t e d  i n  table 1. 

Figures  6a and 6b quant i fy  t h e  changes i n  s t r a i n  rates f o r  t h e  var ious  d i s t r i c t s  
of t h e  Santa Rosa and San Francisco regions,  r e l a t i v e  t o  t h e  1906-1978 models. 
A s  mentioned previously,  t he  data are i n s u f f i c i e n t  t o  allow a similar dep ic t ion  
for  t h e  Ukiah region. Figure 6a shows t h a t  after discarding t h e  da t a  observed 
i n  7906,  allowing t h e  next earliest epoch of observat ion t o  be 1922 or 1925 
(depending on survey p ro jec t  and area), the  s t r a i n  rate drops appreciably f o r  
t h e  d i s t r i c t  nor theas t  of Bodega Head (111), as c e r t a i n  t h e o r e t i c a l  models 
p red ic t  (Thatcher 1983). T h i s  drop i n  t h e  s t r a i n  rate east of t h e  rup tu red  San 
Andreas f a u l t ,  however, is not mirrored i n  t h e  d i s t r i c t  t o  the west nor i s  i t  
reflected i n  t h e  d i s t r i c t s  t o  the  south. Figure 6b shows t h a t  af ter  d iscard ing  
a l l  da t a  observed p r i o r  t o  1931 , inc luding  t h e  1930 Point Reyes t o  Petaluma arc 
of t r i a n g u l a t i o n  discussed by Thatcher (1975b), t he  s t ra in  r a t e  r e l a t i v e  t o  t h e  
1906-1978 model cont inues t o  dec l ine  i n  t h e  d i s t r i c t  nor theas t  of Bodega Head, 
and now the  drop  An s t r a i n  rates cont inues over t h e  d i s t r i c t s  t o  t h e  southeas t  
i n  both t h e  Santa Rosa and San Francisco regions.  
east of t he  San Andreas fau l t ,  however, is again not mirrored i n  the  d i s t r i c t s  
t o  t h e  west, and, moreover, an unexpected rise i n  s t r a i n  rates f o r  those western 
d i s t r ic t s  i s  evident.  A similar rise i n  s t r a i n  rates, although s ta t i s t ica l ly  
i n s i g n i f i c a n t ,  occurs  i n  d i s t r i c t s  east of t h e  Concord-Green Valley fau l t s .  

Th i s  drop i n  s t r a i n  rates 

A 
9 



(1922 to 1978) - (1906 to 1978) (1931 to 1978) - (1906 to 1978) 

Figure 6.--Changes i n  shear s t r a i n  rates f o r  var ious  t ime-interval  models, r e l a t i v e  
Figure 6a shows t h a t  after d iscard ing  t h e  1906 t o  t h e  1906-1978 models. 

postearthquake observat ions,  s t r a i n  rates drop appreciably for  only Santa Rosa 
d i s t r i c t  111, loca ted  nor theas t  of Bodega Head. Figure 6b shows t h e  e f f e c t  of 
d i scard ing  a l l  data observed before  1931, when compared t o  the 1906-1 978 models. 

Shear Strain 
Rate 

0 
Ilistance From Fault 

Figure 7.--Theoretical changes i n  shear s t r a i n  rates as  a func t ion  of d i s t ance  
from t h e  f a u l t  f o r  f i v e  successive times fol lowing an earthquake (from Thatcher 
1983). 
s l i g h t l y  a t  d i s t ances  severa l  rupture-depths d i s t a n t  from the f a u l t .  

S t r a i n  rates a r e  predicted t o  drop appreciably near  t he  f a u l t  but rise 
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Table 1.--Shear strains for  t he  various models and time intervals 

1922 - 1978 1931 - 1978 1931 - 1978 

$** 
.* i* Y d* Y $** Y 

.* .* negion/Dtstrict 1906 - 1g78 .* 
Y 

Uklah 
I 

I 1  
I11 

I V  
V 

V I  

Santa Rosa 
I 

I1 
111 

I V  
V 

V I  
V I  I 

V I 1 1  
I X  

San Franclsco 
I 

I1 
111 

I V  
V 

V I  
V I  I 

V I 1 1  

1.299.12 N32Wk 3 
0.899.27 N l E 2  8 
0.409.08 N27& 5 I 
0.213.09 N59Wk13 # 
0.079.03 N12Wfl5 I 
0.103.07- N58W9 # 

0.599.06 N42Wk 4 
0.51M.03 m2W 2 

1.899.44 N22& 9 
0.229.04 N33& 5 
0.009.07 N29WS3 
0.299.08 N35WL 7 
0.279.12 N30WJ4 

0.6&W.09 N52& 4 

NA 

0.519.07 
0.65W.05 

0.20fl.05 
0.329.04 
0.279 .09 
0.249 .06 
O.OLrn.08 
0.3 2 9 .  14 

N4U& 4 
N35WL 2 
N5Wk 9 
N37& 4 
N35WgO 
N53W 7 
N76W00 
N l l W 4  

0.579.07 N43& 4 
0.5LM.04 N34W+ 2 

1.893.44 N22& 9 
0.219.04 N33& 5 
0.089.07 N28WS4 
0.289.08 N3Uk 7 
0.279.12 N30WJ4 

0.433.11 MOW+, 7 

NA 

0.759.09 N43& 4 
0.36H.04 N33e 4 

1.939.42 N21e 8 
0.2cW.04 N29Wi 5 
0.109.07 MOW0 
0.419.09 N41& 6 
0.303.12 N29HL12 

0.3we13 N55WJ2 

NA 

0.679.09 
0.489.06 

0.23.gl.06 
0.299.05 
0.299.09 
0.2m.06 
0.069 .08 
0.3 99.17 

N46& 4 
taw- 4 

N55Hi 8 
N37w 5 
d7WJO 
N43& 8 
N33 e 4 2  
tll2&13 

0.7620.09 
0.41M.05 

1.969.41 
0.219.04 
0.1 09.07 
0.409.09 
0.3 09.12 
0.6 4 9 .  1 4  

0 e273 13 

N44WL 4 
N33N 4 
N57W+14 
N22& 8 
N25WL 6 
N4owo 
N41& 6 
N29WLl2 
N66& 8 

.* l~ rad/yr  ** degrees I most dates o f  observations extend from about 1940 to 1970 

30-km-wide band of "strain-change indec i s ion"  about  the Hayward and Calaveras  
f a u l t s  stretches between these " f a l l i n g  and r i s i n g "  areas east of the San 
Andreas f a u l t .  
data-reduced models are l i s t e d  i n  table  1 f o r  comparison. 

Because obse rva t ions  span d i s t r i c t  boundaries,  t h e  strain de te rmina t ions  from 
d i s t r i c t  t o  d i s t r i c t  w i t h i n  a r eg ion  are not  independent of  each o t h e r ,  caus ing  
minor changes i n  s t r a i n  v a l u e s  t o  be mimicked i n  d i s t r i c t s  neighboring those  
t h a t  exper ience  large changes. Likewise, because of  t h e  10' over l ap  i n  data 
from reg ion  t o  reg ion ,  d i s t r i c t s  I and I1 a long  t h e  border  of t h e  San Franc isco  
and Santa  Rosa r e g i o n s  con ta in  n e a r l y  i d e n t i c a l  observa t ions ,  t hus  showing n e a r l y  
i d e n t i c a l  changes i n  s t r a i n  rates. 

Values o f  JI and ? f o r  t h e  three 1906-1978 r eg ions  and the 

A rise i n  s t r a i n  rates through time a t  d i s t a n c e s  s e v e r a l  rupture-depths  away 
from s t r i k e - s l i p  f a u l t s  is predicted by c e r t a i n  t h e o r i e s ,  as  shown by Thatcher 
(1983) from whom our  f i g u r e  7 is adapted. These REDEAM r e s u l t s  have the  appearance 
of being t h e  first obse rva t iona l  evidence fo r  t h i s  t heo r i zed  f e a t u r e  of pos tse i smic  
deformation a long  s t r i k e  s l i p  f a u l t s ,  but  as stated previous ly ,  our  s t r a i n - r a t e  
i n c r e a s e s  der ived  fo r  t h e  e a s t e r n  d i s t r ic t s  are s t a t i s t i c a l l y  i n s i g n i f i c a n t  (see 
f ig .  6b) .  Also w e  hesitate t o  advance these der ived  s t r a i n - r a t e  i n c r e a s e s  as 
suppor t ive  of t h e  t h e o r i e s  presented by Thatcher because t h e  rising s t ra in  rates 
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Figure 8 .--Shear s t r a i n  rates determined f o r  polygons of s t a t i o n s  comprising t h e  
Point Reyes t o  Petaluma arc of t r i angu la t ion .  
between 1930 and 1938; Figure 8b shows s t r a i n  rates between 1938 and 1961. 
Similar r e s u l t s  are presented by Thatcher (1975b). 

Figure 8a shows s t r a i n  r a t e s  

for  dis t r ic ts  immediately west of t h e  San Andreas f a u l t  are d iscordant  i n  t h a t  
t h e  pa t t e rn  i s  asymmetric about t h e  rupture  t race .  
of Thatcher (1 975b) and Thatcher (1 983) t h e  s t r a i n  rate dec l ine  i n  d i s t r i c t s  
eastwardly ad jacent  t o  t h e  San Andreas faul t  can reasonably be assumed t o  be 
the  primary r e s u l t  of postseismic re laxat ion;  however, the  s t a t i s t i c a l l y  
s i g n i f i c a n t  rise i n  s t r a i n  rates t o  t h e  west of t h e  San Andreas f a u l t ,  pr imari ly  
cont ro l led  by data on the Point Reyes peninsula,  deservesfur ther  i nves t iga t ion .  
We the re fo re  t u r n  t o  the supplemental method of ana lys i s .  

Because of t h e  previous work 

We use t h e  supplemental method t o  i n v e s t i g a t e  the  Point Reyes t o  Petaluma arc, 
observed during 1930, 1938, and 1961. Thatcher (1975b) previously s tud ied  t h i s  
arc of t r i a n g u l a t i o n  and obtained t h e  s t r a i n s  f o r  a series of polygons by a 
least-squares f i t t i ng  of observed angle changes using Frank's (1966) method. 
A s  previously descr ibed,  we use leas t - squares  determined displacement vec to r s  
t o  ob ta in  our  desc r ip t ion  of t h e  s t r a i n  f i e l d .  Another d i f f e rence  i s  t h a t  
Thatcher (1975b) used only t h e  observat ions specific t o  t h e  p a r t i c u l a r  polygons, 
whi le  we use t h e  e n t i r e  t r i angu la t ion  p ro jec t s ,  inc luding  t h e  long  brace l i n e s  
of observat ion involving s t a t i o n s  a t  For t  Ross and Mount Tamalpais, ensuring 
f o r  our  s o l u t i o n  a greater geometric rigor f o r  t h e  arc as a whole. We then 
present  t h e  r e s u l t s  in t h e  manner cons i s t en t  wi th  our previous r e s u l t s ;  i.e., 
the l ine-dens i ty  p a t t e r n s  introduced i n  f i g u r e  5. _- The s t r a i n  p a t t e r n s  for  t h e  
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Point Reyes t o  Petaluma arc are shown i n  f i g u r e  8a f o r  1930 t o  1938 and i n  f i g u r e  
8b for  1938 t o  1961. 

S t r a i n  r e l axa t ion ,  brought about by increased t r a n s i e n t  s l i p  a t  intermediate  
depths (between about 10 and 30 km) along the San Andreas fault,  corresponding 
t o  the modified i n f i n i t e  e las t ic  halfspace model of Thatcher (1983), i s  ind ica t ed  
when t h e  d i r e c t i o n  of maximum right-lateral shear i s  o r i en ted  perpendicular t o  
t h e  ruptured f au l t ,  as ind ica ted  i n  f i g u r e  8a for  polygons A and B west of t he  
San Andreas f a u l t  and f o r  polygons F-I near t h e  Tolay and Rodgers Creek f a u l t s .  
Di rec t ions  of shear f o r  polygons C-E (f ig.  8a)  are al igned approximately parallel 
wi th  t h e  San Andreas f a u l t ,  i nd ica t ing  s t r a i n  buildup. Note tha t  t h e  p a t t e r n  
is d i s t i n c t l y  asymmetric r e l a t i v e  t o  t h e  San Andreas f a u l t .  
t h a t ,  wi th  t he  exception of polygon B, s t r a i n  buildup is the  dominant mode of 
deformation from 1938 to  1961, i n d i c a t i n g  a s  Thatcher (1975b) contends t h a t  the  
t r a n s i e n t  postseismic e f f e c t s  i n  t h i s  p a r t i c u l a r  a rea  continued f o r  approximately 
30 years. 

t he  San Andreas f a u l t .  Hayford and Baldwin (1908) note t h a t :  

Figure 8b shows 

Our a n a l y s i s  is not t h e  first t o  note an asymmetry i n  displacements ac ross  

For po in t s  on opposi te  sides of t h e  f a u l t  of 1906, and a t  t h e  same 
d i s t ance  from it, those on t h e  westward s i d e  are displaced on an 
average twice a s  much as  those on t h e  e a s t e r n  s ide .  T h i s  statement 
a p p l i e s  e s p e c i a l l y  t o  po in t s  wi th in  10 ki lometers  (6  miles) of t h e  
fau l t .  For po in t s  far ther  away, t h e  r a t io  becomes more than two t o  
one. 

Unt i l  now t h e i r  s ta tements  received l i t t l e  weight, probably because they 
constrained t h e i r  s o l u t i o n  by holding two s t a t i o n s  f ixed  i n  pos i t ion ,  and, as 
Prescott (1981) demonstrates, i n t e r p r e t a t i o n s  based on t h e  r e l a t i v e  displacements 
of s t a t i o n s  are extremely s e n s i t i v e  t o  t h e  appl ied cons t ra in ts .  Thatcher (1975b) 
s i m i l a r l y  obtained an asymmetric s t r a i n  pa t t e rn  i n  h i s  s tudy of t h e  Point Reyes 
t o  Petaluma a r c ,  but a t t r i b u t e d  t h e  discrepancy t o  observat ional  e r r o r s  suggested 
by t r i a n g l e  misclosures  twice the  norm involving those s t a t i o n s  west of the San 
Andreas f a u l t .  Our r e s u l t s  on t h e  Point Reyes peninsula a l s o  h i n t  a t  these same 
observat ional  e r r o r s ,  pr imari ly  i n  f i g u r e  8b where t h e  d i r e c t i o n s  of maximum 
right-lateral shear f o r  polygons A and B are near ly  90' opposed, implying t h a t  
s t r a i n  on the  Point Reyes peninsula is nonhomogeneous. But geologic  cross 
sec t ions  by Ta l i a fe r ro  (1951) of t h e  Point Reyes peninsula show no major f a u l t s  
pene t ra t ing  a basement complex of quar tz  d i o r i t e  (granite), implying t h a t  shear 
s t r a i n  should be homogeneous over t h e  e n t i r e  peninsula. The determinat ion of 
these supplemental s t r a i n  va lues  is f u r t h e r  complicated due t o  the l o s s  and 
resetting between 1938 and 1961 of two key s t a t i o n s ,  one i n  polygon A and the 
o the r  i n  B. The r e s e t t i n g s  are not coincident  w i t h  the o r i g i n a l  loca t ions .  
Thus weak evidence supports  a d i f f e r e n t  coseismic and, presumably, a d i f f e r e n t  
postseismic s t r a i n  response across the  San Andreas f a u l t  (Hayford and Baldwin 
1908), but s t ronger  evidence tends t o  discount  t h e  s t r a i n  rate changes on t h e  
Point Reyes peninsula noted by our REDEAM s t u d i e s  as represent ing  observat ional  
e r ro r s .  

Polygons G and H a t  t h e  nor theas te rn  end of t h e  Point Reyes t o  Petaluma arc 
i n d i c a t e  t h a t  s i g n i f i c a n t  shear  s t r a i n  is accumulating over t h e  Tolay and Rodgers 
Creek f a u l t s .  Our REDEAM a n a l y s i s  of t h e  Santa Rosa d i s t r i c t  j u s t  north of t h i s  
a r c  111) i n d i c a t e s  t h a t  t h e  d i r e c t i o n  of maximum r i g h t - l a t e r a l  shear s t r a i n  
(N526w, 4') agrees c lose ly  w i t h  t h e  s t r ike  of t h e  Tolay and Mount Jackson f a u l t s  
(N55%) and tha t  t h i s  c lose  correspondence remains i n v a r i a n t  regardless of t h e  
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Figure g.--Shear s t r a i n  rates determined for  t h e  1931-1978 models. I n  t h e  Santa 
Rosa region an  addi t iona l  d i s t r i c t  approximates t h e  area between t h e  Tolay and 
Rodgers Creek f a u l t s ,  i n d i c a t i n g  t h a t  d i r e c t i o n s  of maximum right-lateral shear 
s t r a i n  ($) are al igned along t h e  t rends  of t he  Tolay and Mount Jackson f a u l t  
zones for  the  area northwest of San Pablo Bay. 

d i f f e ren t  t ime-interval models. Th i s  d i r e c t i o n  of maximum right-lateral shear  
s t r a i n ,  however, is determined from a less than optimal s t a t i o n  d i s t r i b u t i o n  i n  
t h i s  d is t r ic t ,  being heavi ly  inf luenced by s t a t i o n s  near  For t  Ross (see fig.  
3).  To better determine tha t  t h e  d i r e c t i o n  of maximum right-lateral shear fo r  
t h i s  general  area does indeed correspond more w i t h  t h e  str ike of the  Tolay and 
the  Mount Jackson f a u l t s  rather than w i t h  t ha t  of t h e  Rodgers Creek and Healdsburg 
f a u l t s  (N43%), as t h e  geologic  evidence would suggest (see Herd 1979; o r  Herd 
and Helley 1977), we added another  d i s t r i c t  t o  t h e  REDEAM 1931-1978 Santa Rosa 
model. Figure 9 and table 1 show the  r e s u l t s  of t h i s  test. The geodetic data 
t h u s  i n d i c a t e  t h a t  the d i r e c t i o n  of maximum right-lateral shear s t r a i n  f o r  the 
a rea  northwest of San Pablo Bay i s  al igned w i t h  t he  t r ends  of t h e  Tolay and 
Mount Jackson f a u l t s .  
parallel  Maacama f a u l t  r equ i r e s  only an 8-km right s t e p ,  a f f e c t i n g  two s t a t i o n s  
i n  Santa Rosa d i s t r i c t  V, as shown i n  figs. 3 and 4. 
d i s t r ic t  I11 o r  V w i l l  not be appreciably affected by t h i s  d i s t i n c t i o n . )  

(Note t h a t  t h e  d i s t i n c t i o n  between the Healdsburg and 

S t r a i n  va lues  i n  either 

DISCUSSION AND SUMMARY 

A s  mentioned i n  t h e  in t roduc t ion  of t h i s  r epor t ,  t h e  USGS maintains  a number 
of s t r a i n  monitoring networks throughout the  San Francisco and Santa  Rosa regions.  
Resul ts  for  our 1931-1978 San Francisco region agree well w i t h  t he  USGS r e s u l t s  
documented by Prescot t  e t  al .  (1981) except perhaps f o r  t h e  areas east of the  
Calaveras fau l t .  Prescott e t  a l .  (1981) contend t h a t  l i t t l e  deformation occurs  
east of t h e  Calaveras f a u l t ,  but their  conclusion apparent ly  depends heavi ly  on 
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how the data are proportioned, as  t h e i r  table  1 ind ica tes .  Their r e s u l t s ,  
therefore ,  are not dissimilar from ours. 

A comparison between our 1931-1978 Santa Rosa region and the  r e s u l t s  of Prescot t  
and Yu (1985) is more d i f f i c u l t  t o  make because of t he  d i f f e rences  i n  a n a l y s i s  
'methods and areal coverages of t h e  data.  The comparison allowable,  however, 
impl ies  three d i f f e rences  t h a t  are more r e l a t e d  t o  l ack  of data than t o  ac tua l  
d i f f e rences  i n  t h e  s t r a i n  va lues  themselves: 
eastward t o  e f f e c t i v e l y  touch our Santa Rosa d i s t r i c t s  VI-VI11 where our da ta  
i n d i c a t e  t h a t  s t r a i n  rates may have r i s e n  through time, (2) the  USGS observat ions 
spanning the  Tolay and Rodgers Creek f a u l t s  have an i n s u f f i c i e n t  time h i s t o r y  
( 4  years )  t o  s u b s t a n t i a t e  our f ind ing  t h a t  t h e  d i r e c t i o n  of maximum r i g h t - l a t e r a l  
shear  strain f o r  t h e  area northwest of San Pablo Bay is al igned w i t h  the  t rends  
of t h e  Tolay and Mount Jackson f a u l t s  rather than w i t h  the Rodgers Creek and 
Healdsburg f a u l t s ,  and (3) t h e  USGS observat ions show no displacement, even out  
t o  t h e  Fara l lon  I s lands ,  f o r  s t a t i o n s  west of the San Andreas f a u l t  and north 
of t h e  Golden Gate, although large u n c e r t a i n t i e s  are assoc ia ted  w i t h  both those 
p a r t i c u l a r  USGS observat ions and wi th  our r e s u l t s  as  we previously mentioned.. 

(1) no USGS da ta  reach fa r  enough 

Because the results f o r  our 1931-1978 REDEAM models do not differ s i g n i f i c a n t l y  
from the  USGS results obtained over t h e  pas t  decade, we may s a f e l y  assume t h a t  
the f931-1978 REDEAM models are free of any major t r a n s i e n t  effects of t he  1906 
earthquake. 
support  t h i s  conclusion by showing that  t h e  most dramatic e f f e c t s  of postseismic 
r e l axa t ion  continued for  about 30 years ,  becoming subdued during t h e  1938 t o  
1 9 6 1  t i m e  i n t e r v a l .  

Our supplemental s t u d i e s  of the Point Reyes t o  Petaluma arc a l s o  

S t r a i n  rate changes obtained by comparing t h e  1906-1 978 time i n t e r v a l  models 
with those of t h e  1931-1978 models c l e a r l y  reveal  t h e  most obvious t r a n s i e n t  
effect of s t r i k e - s l i p  postseismic re laxa t ion :  a s i g n i f i c a n t  dec l ine  i n  s t r a i n  
rates wi th  time near t h e  rup tu re  trace. The most dramatic example of t h i s  
r e l axa t ion  effect occurred northwest of both the 1906 ep icen te r  ( @ = N37' 42' , 
A =  W122' 30'; Ellsworth et a l .  1981) and t h e  s i te  of the  maximum recorded 

sur face  offsets  (Point  Reyes S ta t ion ,  @ =  N38' 04.0', A =  W122' 48.5'; Lawson 
e t  al .  1908). 

The less pronounced t r a n s p n t  effect of postseismic s t r i k e - s l i p  r e l a x a t i o n  as  
predicted by c e r t a i n  theoretical models, or t ha t  of r i s i n g  s t r a i n  rates i n  areas 
severa l  rup tu re  depths  d i s t a n t  from t h e  surface trace, may possibly be borne 
out i n  these REDEAM s tud ie s ;  however, the asymmetric cha rac t e r  of t h e  two areas 
of rising rates i n  r e l a t i o n s h i p  t o  the  San Andreas f a u l t  (one being too  c lose  
t o  the  rup tu re  trace, the o the r  too  far away) and t h e  presence of large 
observat ional  e r r o r s  i n  t h e  western area i n d i c a t e  t h a t  t he  r i s ing  s t r a i n  rate 
changes are suspect  and cannot be used r e l i a b l y  t o  argue f o r  a confirmation of 
t h e  t h e o r e t i c a l  predict ions.  

never the less  roughly de l inea te  t h e  ex ten t  of s i g n i f i c a n t  deformation eastward 
of t h e  San Andreas f a u l t .  Models f o r  t h e  Santa Rosa region show t h a t  t h e  
d i r e c t i o n  of maximum right-lateral shear s t r a i n  f o r  the area northwestward of 
San Pablo Bay is a l igned  w i t h  the t rends  of t h e  Tolay and Mount Jackson f a u l t s  
rather than w i t h  the Rodgers Creek and Healdsburg (Maacama) f a u l t s ,  as t h e  
geologic  evidence would suggest. 

The REDEAM models f o r  t h e  San Francisco, Santa Rosa, and Ukiah reg ions  
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