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SETTLEAtENT STUDIES 
BY MEANS OF PRECISION LEVELLING 

The  U .S .  Coas t  and Geode t i c  S u r v e y  is  r e s p o n s i b l e  fo r  the 
f i r s t -  and s e c o n d - 0 r d e r  v e r t i c a l  c o n t r o l  ne t  of  the  Uni ted  S ta tes .  The  
d e v e l o p m e n t  of  the  l e v e l  ne t  s t a r t e d  in 1878 and as  of  J a n u a r y  1, 1960, 
t h e r e  w e r e  177,623 m i l e s  of  f i r s t - o r d e r  l i ne s  and 268,159 m i l e s  of 
s e c o n d - o r d e r  l i ne s  o r  a to t a l  of  445,782 m i l e s  of f i r s t -  and s e c o n d - o r d e r  
l e v e l l i n g  a long which 380,414 b e n c h - m a r k s  have  been  l e v e l e d  o v e r .  In 
the  e a r l y  d e v e l o p m e n t  of  the ne t ,  m a r k s  w e r e  spaced  r a t h e r  wide ly ,  on 
an a v e r a g e  of  e v e r y  s ix  m i l e s .  L a t e r  t he  spac ing  of  b e n c h - m a r k s  was 
f r o m  t h r e e -  to f i v e - m i l e s  a p a r t ,  but the  p r e s e n t  s p e c i f i c a t i o n s  c a l l  f o r  
a m a r k  a t  o n e - m i l e  i n t e r v a l s  with a c l o s e r  spac ing  in c i t i e s  and towns .  

T h e  leve] ] ing  i n s t r u m e n t  is  equipped with a l e v e l  v i a l  with a 
s e n s i t i v i t y  of  two seconds  of a r c  p e r  two m i l l i m e t e r s  g radua t ion .  T h r e e -  
w i r e  r e a d i n g s  to the n e a r e s t  m i l l i m e t e r  a r e  t aken  on s t a n d a r d i z e d  i n v a r  
rods  which a r e  g radua ted  in c e n t i m e t e r s .  P a r a f f i n - i m p r e g n a t e d  wooden 
r o d s  w e r e  u s e d  p r i o r  to 1916 but s i nce  that  date  i n v a r  r o d s  have  been 
used.  Since  the  i n v a r  i s  c o n s i d e r e d  m u c h  s u p e r i o r  to the  wooden rod ,  
the  r e l e v e l l i n g  p r o g r a m  has  been  p lanned so that  a l l  l i ne s  e s t a b l i s h e d  
p r i o r  to 1916 would be r e l e v e l e d  f i r s t .  The  m a j o r i t y  of  the  l e v e l  l i nes  
e s t a b l i s h e d  p r i o r  to 1916 have  now been  r e l e v e l e d  and m a n y  l ines  
e s t a b l i s h e d  s ince  1916 have  a l so  been  r e l e v e l e d ,  e s p e c i a l l y  in a r e a s  of 
known vertical change. 

The  a r e a s  of  known v e r t i c a l  change in which the  Coas t  and 
Geode t i c  S u r v e y  has  unde r t aken  c o n c e n t r a t e d  r e l e v e l i n g s  a r e  shown on 
f i g u r e  1 and a r e  as  fo l lows  : 

1. San J o s e ,  C a l i f o r n i a ,  
2. Del ta  A r e a ,  C a l i f o r n i a ,  
3. Dixie Va l l ey ,  Nevada ,  
4. San Joaqu in  Va l l ey ,  C a l i f o r n i a ,  
5. E ight  C r o s s i n g s  of  F a u l t  L i n e s ,  C a l i f o r n i a ,  
6. Long Beach  and T e r m i n a l  I s l and ,  C a l i f o r n i a ,  
7. E1 Cen t ro ,  C a l i f o r n i a ,  
8. H o o v e r  Dam,  A r i z o n a  and Nevada ,  
9. Hebgen  Lake  E a r t h q u a k e ,  Montana ,  

10. G a l v e s t o n - H o u s t o n ,  T e x a s .  

I .  In the v i c in i t y  of San J o s e  in the Santa C l a r a  V a l l e y  of C a l i -  
f o rn i a ,  the  o r i g i n a l  l e v e l l i n g  was done in 1912 with a c o n c e n t r a t e d  ne t  
of  about  240 m i l e s  of l i nes  f i r s t  e s t a b l i s h e d  in the  spr Ing  of  1934 fo r  
fu tu re  s e t t l e m e n t  s tudy .  San J o s e  i s  in an a r e a  of heavy  r e m o v a l  of 
u n d e r g r o u n d  w a t e r  f o r  i r r i g a t i o n .  The  dec l ine  in the u n d e r g r o u n d  w a t e r  
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tab le  has  c a u s e d  c o m p a c t i o n  in the unde rg round  c l ays  with a r e s u l t i n g  
s e t t l e m e n t  of the  e a r t h ' s  su r f ace .  

The  Coas t  and Geodet ic  S u r v e y  has  unde r t aken  14 r e l e v e l l i n g s  
at  v a r i o u s  t i m e s  of  high and low unde rg round  wa te r .  T h e r e  i s  a good 
c o r r e l a t i o n  be tween  the s e t t l e m e n t  and the  dec l ine  in u n d e r g r o u n d  wa te r .  
The  l a s t  c o m p l e t e  r e l eve l l~ng  was  in 1954 with a c o m p l e t e  r e l e v e l l i n g  
schedu led  fo r  the w i n t e r  of 1960-61. T h e r e  was  a p a r t i a l  r e l e v e l l i n g  of  
th i s  net  in 1956 in connec t ion  with a C o r p s  of  E n g i n e e r s '  r e q u e s t  fo r  
r e l e v e l l i n g  s u r r o u n d i n g  the San F r a n c i s c o  Bay  A r e a  and a s m ~ l l  amount  
of r e l e v e l l i n g  in 1959 in connec t ion  with l e v e l l i n g  to the San J o s e  A i r p o r t .  

The  m a x i m u m  s e t t l e m e n t  is  9 .04  f ee t  f r o m  1912 to 1959 at  
the Hal l  of  R e c o r d s  Bui ld ing  in San J o s e .  F o r t u n a t e l y ,  t h e r e  a r e  s t ab le  
b e d r o c k  m a r k s  l o c a t e d  about  5 m i l e s  sou theas t  of San J o s e  e s t a b l i s h e d  
in j u r a s s i c  u l t r a - b a s i c  i n t r u s i v e s ,  which a r e  s e r v i n g  as  e x c e l l e n t  
a n c h o r s .  A good a g r e e m e n t  be tween  r e l e v e l l i n g s  has  been  obta ined  
f r o m  t h e s e  b e d r o c k  m a r k s  to t i d a l  m a r k s  at T h e  P r e s i d i o ,  San F r a n c i s -  
co. The  San J o s e  ne t  has  been  expanded to inc lude  about  300 m i l e s  of 
l eve l l i ng .  

2. The  Del ta  A r e a  l e v e l l i n g  is  m a i n l y  in the  lowland r e g i o n  of 
the  conf luence  of  the  S a c r a m e n t o  and San Joaqu in  R i v e r s .  L e v e l l i n g s  
w e r e  u n d e r t a k e n  in t934-35 ,  1938-39, 1946-47,  1951, 1953, 1957, and 
1958 with a r e l e v e l l i n g  sheduled  dur ing  June  and J u l y  1960 c o m p r i s i n g  
about  210 m i l e s  of  f i r s t - o r d e r  l e v e l l i n g .  In 1957,  a ba s i c  ne t  was 
e s t a b l i s h e d  which t i ed  to a n c h o r s  se t  in b e d r o c k  about  3 m i l e s  south of  
Clayton in the  Coas t  Range  and n e a r  San A n d r e a s  in the S i e r r a  Nevadas .  
P r i o r  to 1957, the  l e v e l l i n g  was r a t h e r  p i e c e m e a l  and was not deve loped  
as a n e t  t i ed  to r o c k  a n c h o r s .  Dur ing the 1951 l e v e l l i n g ,  m a r k s  w e r e  
se t  on p i l ing  d r i v e n  to a c o n s i d e r a b l e  depth th rough  the  pea t ,  but sub-  
sequent  l e v e l l i n g  shows m a n y  of t h e s e  m a r k s  a l s o  to be se t t l ing  s l ight ly .  
Dur ing the  1957 l e v e l l i n g ,  26 " C o p p e r w e l d "  r o d s  w e r e  d r i v e n  at f i v e -  
m i l e  i n t e r v a l s  to depths  of  15 to 126 fee t .  U s e  of  t h e s e  r o d s  wi l l  be 
d i s c u s s e d  m o r e  fu l ly  l a t e r .  

The  m a x i m u m  s e t t l e m e n t  in the Del ta  A r e a  is  2. 109 fee t  
f r o m  1939 to 1957. The  f a c t o r s  con t r ibu t ing  to change  a r e  r e m o v a l  of 
gas  and the  c o m p a c t i o n  of the p e a t .  L e v e l l i n g  in the Del ta  A r e a  is 
i m p o r t a n t  in connec t ion  with the study on a Sa l in i ty  C o n t r o l  B a r r i e r .  
Some of the i s l ands  a r e  15 to 20 fee t  be low sea  l e v e l  and the cont inuat ion  
of  s e t t l e m e n t  r e q u i r e s  a l t e r i n g  dikes .  

3. In the s p r i n g  of 1955, r e l e v e l l i n g  of 517 m i l e s  of f i r s t - o r d e r  
l i nes  was  u n d e r t a k e n  to d e t e r m i n e  the v e r t i c a l  changes  r e s u l t i n g  f r o m  
the Dixie  Va l l ey ,  Nevada ,  ea r thquake  of D e c e m b e r  16, 1954, (39 ~ 19 N. 
118 ~ 12' W. magn i tude  7 .0 ) ,  and to b r ing  b e n c h - m a r k  data u p - t o - d a t e  
in th i s  r eg ion .  T h i r d - o r d e r  l e v e l l i n g  by the U .S .  G e o l o g i c a l  Su rvey  in 
1908 was  n e a r e s t  the e p i c e n t e r .  A c o m p a r i s o n  with th i s  l e v e l l i n g  shows 
the m a x i m u m  b e n c h - m a r k  s e t t l e m e n t  to be 7 .307 f e e t .  At  the faul t ,  
v e r t i c a l  d i s p l a c e m e n t  was e s t i m a t e d  ~o be 23 fee t ;  h o w e v e r ,  no old b e n c h -  
m a r k s  w e r e  l oca t ed  in th i s  a r e a  of g r e a t e s t  change.  

4. In 1947,  the Coas t  and Geodet ic  S u r v e y  e s t a b l i s h e d  about 
1,000 m i l e s  of f i r s t - o r d e r  l e v e l l i n g  in the San Joaqu in  Va l l ey ,  CaLifornia ,  
fo r  fu tu re  s e t t l e m e n t  s tud ies .  The  n o r t h - s o u t h  l i ne s  w e r e  p laced  as  n e a r  
the foo th i l l s  a s  p o s s i b l e  and t h e r e  w e r e  s e v e r a l  e a s t - w e s t  l i nes  a c r o s s  
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the  v a l l e y .  In planning a f ie ld  p r o g r a m  fo r  s e t t l e m e n t  i n v e s t i g a t i o n ,  
geo logy  m a p s  a r e  consu l ted  to d e t e r m i n e  w h e r e  the  bes t  a v a i l a b l e  r o c k  
is  l oca t ed  whe re  b e n c h - m a r k s  can be instaZled fo r  u se  as  a n c h o r s .  In 
the  s tudy fo r  the San Joaquin  Va l l ey ,  t h e r e  a r e  many  a n c h o r s  in the 
S i e r r a  Nevadas  and the Coas t  Range  as  w e l l  as  connec t ions  to t i da l  
o b s e r v a t i o n s .  The  ma in  f a c t o r  con t r ibu t ing  to s e t t l e m e n t  in th is  a r e a  i s  
the r e m o v a l  of  unde rg round  w a t e r  f o r  i r r i g a t i o n .  The  s tudy is  r e q u i r e d  
to obtain  knowledge r e g a r d i n g  a r e a s  of r e l a t i v e  s t ab i l i t y  in o r d e r  to 
plan cana l  r o u t e s  to c a r r y  w a t e r  f r o m  n o r t h e r n  to sou the rn  Ca l i fo rn i a .  
The  cana l s  a r e  bui l t  w2th such s m a l l  g r a d i e n t s  tha t  the c a r r y i n g  c a p a c i t y  
i s  a f f ec t ed  by s e t t l e m e n t .  In two of the a r e a s  of g r e a t e s t  s e t t l e m e n t ,  a 
r e l e v e l l i n g  p r o g r a m  at  t w o - y e a r  inter*cals has  been  scheduled .  T h e s e  
two a r e a s  a r e  known as  the Los  B a n o s - K e t t l e m a n  Ci ty  a r e a  and the  
T u l a r e - W a s c o  o r  Delano a r e a .  In the Los  B a n o s - K e t t l e m a n  Ci ty  a r e a ,  
r e l e v e l l i n g s  w e r e  under t aken  in 1953,  1955,  1957,  and 1959-60 .  The  
r a t e  of s e t t l e m e n t  has  been  1 - 3 / 4  fee t  p e r  y e a r  as  a m a x i m u m ,  with a 
m a x i m u m  b e n c h - m a r k  s e t t l e m e n t  of 14. 481 f ee t  f r o m  1935 to 1957 at  a 
l oca t i on  about  s ix  m i l e s  wes t  of  Mendota .  The  l a t e s t  l e v e l l i n g  is  not  
ye t  ad jus ted .  In the T u l a r e - W a s c o  a r e a ,  r e l e v e l l i n g s  w e r e  unde r t aken  
in 1948, 1954, 195"/, and 1959. The  m a x i m u m  b e n c h - m a r k  s e t t l e m e n t  
in t h i s  r e g i o n  has  been  9.291 fee t  f r o m  1930 to 1959. A f t e r  the  T e h a -  
chap i  e a r t hquake  of  J u l y  21 ,  1952,  ( e p i c e n t e r  35 ~ 00'  N .  119 ~ 02'  W. 
magn i tude  7 .7 ) ,  t h e r e  w e r e  c e r t a i n  l i ne s  r e l e v e l e d  south of B a k e r s f i e l d  
and th rough  T e h a c h a p i .  The  t o t a l  v e r t i c a l  change  was a p p r o x i m a t e l y  
fou r  f ee t ,  s o m e  a r e a s  having r i s e n  about  two f ee t  and o t h e r s  s e t t l i ng  
about  two fee t .  The  p r e s e n t  ne t  of  l i ne s  in the  San Joaqu in  V a l l e y  and 
v i c i n i t y  f o r m  an e x c e l l e n t  a r e a  f o r  fu tu re  g e n e r a t i o n s  to s tudy  the 
s e t t l e m e n t  in the  v a l l e y  and, by the  p e r i o d i c  r e l e v e l l i n g  f r o m  the a n c h o r  
m a r k s  to p r i m a r y  t ide  s ta t ions  at San F r a n c i s c o  and A v i l a ,  r e s u l t s  
w i l l  be a v a i l a b l e  on changes  tak ing  p lace  in the  S i e r r a  N evadas  and 
Coas t  Range  which a r e  c l a s s e d  as  g e o l o g i c a l l y  young and s t i l l  g rowing .  
Dur ing  our  l i f e - s p a n ,  t h e r e  p robab ly  wi l l  be v e r y  s m a l l  c h a n g e s ,  i f  
any ,  in the g r an i t e  of the S i e r r a  N evadas  o r  Coas t  Range in C a l i f o r n i a  
u n l e s s  t h e r e  is  a s e v e r e  ea r thquake .  

F i g u r e  2 is  a ske tch  of the r o u t e s  of l i nes  c o m p r i s i n g  a 
c o m p o s i t e  a d j u s t m e n t  of  a l l  of the l e v e l l i n g s  in c e n t r a l  Ca l i fo rn i a .  The  
da rkened  po r t i ons  a r e  loca t ions  w h e r e  l e v e l l i n g s  of d i f f e r e n t  epochs  
w e r e  connec ted  and the da tes  a r e  shown fo r  which  s t ab i l i t y  was  ind ica ted  
th rough  c o m p a r i s o n  of the l e v e l l i n g s .  The  c o m p o s i t e  a d j u s t m e n t  of  a l l  
of the  o r i g i n a l  l e v e l l i n g  and r e l e v e l l i n g s  c o n s i s t e d  of 6 ,500 m i l e s  of 
l i ne s  and a so lu t ion  of 175 equa t ions .  H o w e v e r ,  the ma in  e f fo r t  in an 
a d j u s t m e n t  of  th is  type is dec id ing  whe re  the  l e v e l l i n g s  of d i f f e r e n t  
epochs  can  be t i ed  toge the r .  At  w i d e s p r e a d  poin ts  whe re  the  dev ia t ions  
be tween  s u c c e s s i v e  l eve l l i ngs  a r e  l e s s  than the  p robab le  e r r o r s  of the 
l e v e l l i n g  invo lved ,  such dev ia t ions  m a y  r e p r e s e n t  a c c u m u l a t i o n s  of  s m a l l  
e r r o r s  i n h e r e n t  in a l l  phys i ca l  m e a s u r e m e n t s ;  i t  m a y  r e p r e s e n t  a c t u a l  
s m a l l  e a r t h  m o v e m e n t ,  o r  i t  m a y  r e p r e s e n t  a combina t ion  of the two. 

5. In 1935,  e ight  Lines of l e v e l l i n g  w e r e  e s t a b l i s h e d  at r igh t  
ang l e s  to known faul t  l ines  in sou the rn  Ca l i fo rn i a .  The l i ne s  a v e r a g e d  
about  10 m i l e s  in length  with about  200 b e n c h - m a r k s  on each  Line. The  
m a r k s  w e r e  e s t a b l i s h e d  a p p r o x i m a t e l y  100 f ee t  a p a r t  fo r  the  f i r s t  m i l e  
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each  way f r o m  the fault  l ine ,  200 feet  apa r t  fo r  the second  m i l e ,  300 
feet  a p a r t  for  the th i rd  m i l e ,  400 fee t  apa r t  fo r  the four th  m i l e ,  and 
500 fee t  apa r t  for  the fifth m i l e .  The loca t ions  at  which these  l i nes  
were  e s t a b l i s h e d ,  the faul t  c r o s s e d ,  and the da tes  of the l e v e l l i n g s  a r e  
as  fol lows : 

Locat ion  Fau l t  Dates of L e v e l l i n g s  

1. V ic in i t y  of Inglewood Inglewood 1935, 1945-6 
2. V ic in i ty  of B r e a  Whi t t i e r  1935, 1945-6 (Pa r t ) ,  1949 
3. V ic in i t y  of Cajon P a s s  San A n d r e a s  1935, 1943-4 ( P a r t ,  1956 
4. V ic in i t y  of P a l m d a l e  San A n d r e a s  1935, 1938, 1947, 1955 
5. V ic in i ty  of Moreno  San Jac in to  1935, 1949 

6 .  V ic in i t y  of G o r m a n  San A n d r e a s  1935, 1938, 1953 
7. V ic in i t y  of Whi t ewa te r  San A n d r e a s  1935, 1949 

8. V ic in i t y  of Mar i copa  San A n d r e a s  1935, 1938, 1948 (Par t ) ,  
1953, 1956, 1959 

The r e l e v e l l t n g s  of these  ea r thquake  c r o s s  l i ne s  have not  
shown changes  of any  l a rge  magn i tude  as  yet.  The m a x i m u m  d ive rgence  
be tween  l e v e l l i n g s  is  3 to 4 c e n t i m e t e r s .  It  i s  p l anned  to cont inue  
r e l e v e l l i n g  the  c r o s s  l i n e s  to p rov ide  data fo r  l o n g - t i m e  geophys ica l  
s tud ies .  

6. In the Long B e a c h - T e r m i n a l  I s l and  a r e a ,  l e v e l l i n g s  w e r e  
u n d e r t a k e n  by the Coas t  and  Geodet ic  Survey  in  1931-32,  1933-34,  1941, 
1945, 1946, 1949, and 1954. The s e t t l e m e n t  is  19.6 feet  as  a m a x i m u m  
f r o m  1932 to 1954 caused  by  r e m o v a l  of u n d e r g r o u n d  gas and oil .  More  
r e c e n t  l eve l l i ng  by loca l  o r ga n i z a t i ons  sSows the  s e t t l e m e n t  to have 
r eached  25 feet.  F o r t u n a t e l y ,  t he r e  a r e  rock  m a r k s  n e a r b y  at  San P e d r o  
which have  r e m a i n e d  s tab le .  T h e i r  s t ab i l i t y  has  been  shown not  on ly  
th rough  l eve l l i ng  but  a l so  th rough t i da l  o b s e r v a t i o n s .  

7. The o r i g i n a l  l eve l l i ng  in the v i c In i ty  of E1 Cen t ro ,  C a l i f o r n i a ,  
was r u n  in  1926-27 and 1928. The f i r s t  r e l e v e l l i n g  of 226 m i l e s  was 
done in  1931 to d e t e r m i n e  the changes  r e s u l t i n g  f r o m  the E1 C e n t r o  
ea r thquake  of March  1, 1930 (ep icen te r  west  of Brawley) .  A faul t  l ine  
c r o s s e s  the l eve l l i ng  at  two loca t ions .  The  m a x i m u m  v e r t i c a l  m o v e m e n t  
no ted  by the 1931 r e l e v e l l i n g  was 0 .12 foot s e t t l e m e n t  and 0 .05  foot 
r i s e  where  the l eve l l i ng  c r o s s e s  the faul t  no r t h  of E1 Cen t ro .  A second 
E1 C e n t r o  ea r thquake  o c c u r r e d  on May 18, 1940, ( ep icen te r  32 ~ 44'  N. 
115 ~ 27 '  W. ) .  Re l eve l l i ng  was u n d e r t a k e n  in 1941 a long 270 m i l e s  of 
l i nes .  When c o m p a r e d  with the 1931 l eve l l i ng ,  the 1941 r e l e v e l l i n g  shows 
a s e t t l e m e n t  of 0 .70 foot and a heav ing  of 0 .09 foot on opposi te  s ides  
of the faul t  at  the s ame  loca t ion  r e f e r r e d  to above.  

8. At the r e q u e s t  of the B u r e a u  of R e c l a m a t i o n ,  the Coas t  and 
Geodet ic  Survey  e s t ab l i shed  a net  of f i r s t - o r d e r  l eve l l i ng  in 1935 in 
A r i z o n a  and Nevada ,  s u r r o u n d i n g  Hoover  D a m .  The pu rpose  of th i s  
l eve l l i ng  was to e s t ab l i sh  b e n c h - m a r k s  which could l a t e r  be r e l e v e l e d  
to d e t e r m i n e  pos s ib l e  s e t t l e m e n t  due to the s u p e r i m p o s e d  load of Lake 
Mead. The  o r i g i n a l  l eve l l ing  was e s t ab l i shed  be fo re  the w a t e r  was i m -  
pounded. The ne t  was r e l e v e l e d  in 1940-41 dur ing  a pe r iod  of h ighes t  
wa t e r  a f t e r  the r e s e r v o i r  had f i l led to n e a r  capac i ty .  
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The two l eve ] l i ngs ,  t h e r e f o r e ,  w e r e  done at  a t i m e  of m i n i -  
m u m  and n e a r  m a x i m u m  load. Both l e v e l l i n g s  of th is  net  w e r e  done 
under  the c r i t e r i o n  of 3 .0  a m .  V K though ou r  u sua l  c r i t e r i o n  in f i r s t -  
o r d e r  1eve]l ing is  4 .0  a m .  V K fo r  checks  be tween  f o r w a r d  and b a c k w a r d  
runnings  w h e r e  K is  the length of the s ec t ion  in k i l o m e t e r s .  The  to t a l  
length of the net  of l ines  was a p p r o x i m a t e l y  700 m i l e s .  At  the t i m e  of 
the r e l e v e l l i n g  in 1940-41,  l e v e l l i n g  was  c a r r i e d  a c r o s s  the lake with 
au toma t i c  t ide  gages  s ta t ioned  at four  loca t ions .  T h r e e  months  ~of s i -  
mu l t aneous  o b s e r v a t i o n s  w e r e  obtained fo r  d e t e r m i n i n g  two d i f f e r e n c e s  
in e l eva t ion  a c r o s s  the lake.  The  m a x i m u m  s e t t l e m e n t  as  shown by the 
1940-41 r e l e v e ] l i n g  was 12 c e n t i m e t e r s  o r  0 .4  foot.  

9. S e c o n d - o r d e r  l eve l l i ng  was e s t a b l i s h e d  in 1934 in the  r e g i o n  
of the Hebgen  Lake ,  Montana,  e a r thquake  of Augus t  17, 1959, ( e p i c e n t e r  
44 ~ 50' N .  111 ~ 05'  W.  magni tude  7 . 1 ) .  F i r s t - o r d e r  r e l e v e ] l i n g  was 
under t aken  a long 115 m i l e s  of l i ne s  f r o m  Wes t  Ye l lows tone  to Sappington,  
Montana,  dur ing  S e p t e m b e r  and O c t o b e r  1959. The  m a x i m u m  b e n c h - m a r k  
s e t t l e m e n t  was  18.8 fee t  and is  shown on the  p ro f i l e  in f i g u r e  3. T h i s  
is  the  l a r g e s t  v e r t i c a l  change r e s u l t i n g  f r o m  ea r t hquake  a c t i v i t y  m e a s u r e d  
th rough  geode t i c  l eve] ] ing  in the Uni ted  Sta tes .  Add i t iona l  r e l e v e l l i n g  is  
p lanne d f o r  the s u m m e r  of 1960 and it  has  been  e s t i m a t e d  t h e r e  a r e  
s o m e  v e r t i c a l  changes  of about  30 fee t .  It v e r y  s e l d o m  happens ,  h o w e v e r ,  
that  p r e v i o u s l y  e s t a b l i s h e d  b e n c h - m a r k s  a r e  a t  the  loca t ion  of  g r e a t e s t  
change. 

10. In the Galveston-Houston area of Texas, the Coast and Geo- 
detic Survey has done rather extensive relevelling to determine subsi- 
dence. There is no rock in this region on which to establish anchor 
bench-marks. Local checks are obtained with previous levelling for at 
least three bench-marks at the extremities of the relevel]Jng, then by 
ascertaining it checks are obtained from one extremity to another 
through previous leve]ling, one can be fairly certain of being outside 
the region of settlement. The maximum settlement has been about three 
and one-halt feet at Texas City Junction from 1943 to 1959. 

In 1958-59, a rather extensive net was developed for future 
settlement studies and ~.4 bench-marks were placed on abandoned well 
casings that extend to depths from 535 feet to 10,496 feet. It will be 
interesting to study the results of future releve]lings over these marks. 
It is hoped they may prove hepful as anchors in adjusting future 
releve]lings. However, the factors contributing to change in this area 
are so deep-seated that even these marks may show some settlement. 

o 

o @ 

There are many factors contributing to vertical changes, 
some of which are : frost action, varying moisture content of the soil, 
removal of underground water for irrigation and municipalities, removal 
of oil and gas, mining activities, fault lines, earthquakes, tectonic or 
deep-seated changes, and so-ca]led "secular" changes which are gradual 
and widespread. 

Those who make studies of subsidence are interested in having 
surface marks that depict the actual ground changes, yet one can readily 
see  that  a m o s t  i m p o r t a n t  i t e m  in p r e c i s i o n  l e v e l l i n g  f r o m  an a d j u s t m e n t  
s tandpoint  is  to t r y  to e s t a b l i s h  s o m e  f u n d a m e n t a l  o r  b a s i c  m a r k s  tha t  
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wi l l  r e m a i n  s tab le .  The f i r s t  cho ice  fo r  the i n s t a l l a t i o n  of a fundamenta l  
m a r k  would be b e d r o c k ,  p r e f e r a b l y  g r an i t e .  In the  a b s e n c e  of b e d r o c k ,  
the  next  b e s t  cho i ce  would be in s o m e  s u b s t a n t i a l  s t r u c t u r e .  

F o r  the pas t  four  y e a r s ,  the  f ie ld  p a r t i e s  of the  Coas t  and 
Geode t i c  S u r v e y  have  been  e s t ab l i sh ing  a ba s i c  m a r k  at f i v e - m i l e  i n t e r -  
v a l s  a long  the  r o u t e s  of our  l e v e l l i n g  l ines  which c o n s i s t s  of a c o p p e r -  
coa ted  s t e e l  rod  5 / 8 - i n c h  in d i a m e t e r  which is  d r i v e n  to r e f u s a l  with a 
90-pound g a s o l i n e  h a m m e r .  The  rods  now u s e d  a r e  in 8 - foo t  s e c t i o n s ,  
jo ined  t o g e t h e r  with a b r a s s  coupl ing.  The  f i e ld  p a r t i e s  a r e  equipped 
With a t r i p o d  which has  l egs  that  can  be ex tended  to 16 fee t .  A b lock  
and t a c k l e  is  mounted  on the t r i pod  which  h o i s t s  the g a s o l i n e  h a m m e r .  
The  h a m m e r  is  s t a r t e d  and drawn to the top of  the t r ipod .  It is  then 
p l aced  on a 8- foot  sec t ion  of  rod  which is  d r i v e n  to the  g round  s u r f a c e .  
A n o t h e r  s e c t i o n  is  coupled to the  d r i v e n  rod  and the  g a s o l i n e  h a m m e r  
ho i s t ed  and se t  on the second  s e c t i o n .  T h i s  p r o c e s s  con t inues  unt i l  
r e f u s a l  i s  r e a c h e d ,  whereupon  the rod  is  cut off  and a d i sk  c o m p r e s s e d  
on the top  of  the rod.  A t i l e  four  o r  s ix  i nches  in d i a m e t e r  and two 
fee t  long is  s e t  about 18 inches  in the ground and ex tend ing  about  s ix  
inches  above  the ground fo r  p r o t e c t i o n  and to a id  in r e c o v e r y .  The  t i l e  
is  s e t  a round  the m a r k  but not  c e m e n t e d  to the  d isk  o r  rod .  It r e f u s a l  
is  not  r e a c h e d  when the rods  a r e  d r i v e n  to a depth of  50 fee t ,  but the 
d r i v ing  is  d i f f i c u l t ,  the  m a r k  is  c o n s i d e r e d  a d e q u a t e .  Some of t h e s e  
r o d s  have  been  d r iven  to depths of o v e r  100 fee t .  R e l e v e l l i n g  has  been  
done o v e r  s o m e  m a r k s  of th is  type which w e r e  s e t  in an a l l u v i a l  a r e a  
wes t  of M e m p h i s ,  T e n n e s s e e ,  n e a r  the  M i s s i s s i p p i  R i v e r .  Al though the 
o r i g i n a l  l e v e l l i n g  and r e l e v e i l i n g s  w e r e  only  one and o n e - h a l f  y e a r s  
a p a r t ,  the  ind ica t ion  is  that  t h e s e  m a r k s  a r e  r e m a i n i n g  s tab le .  

B r a s s  tubing with an i n n e r  d i a m e t e r  of  5 /8  inch  and one and 
o n e - f o u r t h  i nches  long is  s i l v e r  s o l d e r e d  to the  back  of a s t anda rd  
s u r v e y  disk.  The tubing is  c o m p r e s s e d  to the r o d  with a n i c o p r e s s  tool .  
In puLl t e s t s  unde r t aken  by the U .S .  B u r e a u  of S t anda rds ,  it r e q u i r e d  
4 ,000  pounds pul l  to r e m o v e  a d isk  c o m p r e s s e d  to the  rod .  

In the n e a r  fu tu re ,  it is  p lanned to r e l e v e l  c e r t a i n  s e l e c t e d  
l i ne s  which wi l l  c o m p r i s e  a net  of about  20 ,000  m i l e s  of f i r s t - o r d e r  
l e v e l l i n g  in o r d e r  to d e t e r m i n e  r e g i o n a l  changes .  Th is  r e l e v e l l i n g  wi l l  
c o n s i s t  of  t h r e e  e a s t - w e s t  t r a n s c o n t i n e n t a l  l i ne s  and about  e ight  n o r t h -  
south l i ne s .  It i s  an t i c ipa ted  that  th i s  r e l e v e l l i n g  will  be  c o m p l e t e d  in 
about  s e v e n  y e a r s .  It i s  a l so  planned to obtain  g r a v i t y  o b s e r v a t i o n s  
a long  the  rou t e  of t h i s ' 2 0 , 0 0 0  m i l e s  of ba s i c  r e l e v e l l i n g  in o r d e r  that  
geopo t en t i a l  he igh t s  as  well  as  o r t h o m e t r i c  e l e v a t i o n s  can  be computed  
f o r  each  b e n c h - m a r k .  

Th i s  20, 000 m i l e s  of r e l e v e l l i n g  w i l l ,  no doub t ,  r e v e a l  
s e t t l e m e n t  tha t  we a r e  unaware  of,  and enab le  us  to b r i n g  e l eva t i ons  
u p - t o - d a t e .  Se t t l emen t  can be expec ted  in c i t i e s  that  obta in  t h e i r  m u n i c i -  
pa l  w a t e r  supply  f r o m  unde rg round  s o u r c e s  o r  have  h e a v y  u n d e r g r o u n d  
w i t h d r a w a l  of o i l  o r  gas .  T h e r e  is  u s u a l l y  a good c o r r e l a t i o n  be tween  
s e t t l e m e n t  and underg round  wi thdrawal .  
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