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SUMMARY 

T h e  m i n o r  e l e m e n t  c o m p o s i t i o n  of 823 o i l - f i e l d  w a t e r  s a m p l e s  f r o m  the 
Uni ted  S t a t e s  and  Canada  has  been  d e t e r m i n e d  s p e c t r o c h e m i c a l l y .  In t h e s e  
s a m p l e s  the  d e t e r m i n e d  c o n c e n t r a t i o n s  have  a wide  r a n g e  but  c o m m o n l y  a r e :  
K and  S t ,  100 4 p .p .m . ;  A1, B, Ba,  F e ,  Li ,  and  Si, 1 -  100 p . p . m . ;  Cr ,  Cu, Mn, 
Ni, Sn, T i ,  and  Z r ,  p .p .b .  ( m o s t  w a t e r s ) ;  and  Be,  Co, Pb ,  V, W, and Zn, p .p .b .  
( s o m e  w a t e r s ) .  When d i f f e r e n c e s  in t o t a l  d i s s o l v e d  s o l i d  con ten t s  a r e  e l i m -  
i n a t e d  (by ca l cu l a t i on ) ,  C r ,  Li ,  Mn, Si, and  S r  a r e  c o m m o n l y  m o r e  t h a n t w i c e  
a s  abundan t  a s  in p r e s e n t  s e a  w a t e r ;  Cu, K, Ni,  and  Sn a r e  c o m m o n l y  l e s s  
than  ha l f  a s  abundant .  

Si content  a p p e a r s  to v a r y  b e t w e e n  a r e a s ,  b e t w e e n  f o r m a t i o n s  in the  
s a m e  a r e a ,  and i n v e r s e l y  wi th  to ta l  s o l i d s  conten t  in the  s a m e  f o r m a t i o n .  
R e l a t i o n s h i p s  in the  v a r i a t i o n  of o t h e r  m i n o r  e l e m e n t s  i s  m o r e  d i f f icu l t  to 
e s t a b l i s h ,  p a r t l y  b e c a u s e  the  m i n o r  e l e m e n t s ,  if a c t u a l l y  p r e s e n t ,  w e r e b e l o w  
our  d e t e c t i o n  l i m i t s  and  p a r t l y  b e c a u s e  our  s p e c t r o c h e m i c a l  m e t h o d  w a s  not 
of h i g h  p r e c i s i o n .  

E x t e n s i v e  changes  in pH of m a n y  w a t e r s  o c c u r r e d  be tw e e n  c o l l e c t i o n  
and a n a l y s i s .  B e c a u s e  of t h i s  and  c h a n g e s  tha t  m a y  o c c u r  be tw e e n  s u b s u r -  
face  and  s u r f a c e ,  quan t i t a t i ve  i n t e r p r e t a t i o n  of g e o c h e m i c a l  r e l a t i o n s h i p s  
be t ween  w a t e r  and r o c k  c o m p o s i t i o n  w i l l  be  d i f f i cu l t .  

INTRODUCTION 

T h e  m a i n  o b j e c t i v e  of t h i s  p a p e r  wi l l  be  to  r e p o r t  on the  m i n o r  e l e m e n t  
c o m p o s i t i o n  of 823 o i l - f i e l d  w a t e r s  f r o m  the  Un i t ed  S t a t e s  and  Canada .  A f t e r  
a d e s c r i p t i o n  of how the  s a m p l e s  w e r e  c o l l e c t e d  and  a n a l y z e d ,  the  v a r i a t i o n s  
tha t  o c c u r  in to ta l  d i s s o l v e d  s o l i d  con ten t  and  s e l e c t e d  c o n s t i t u e n t s  w i l l  be  
p r e s e n t e d  and c o m p a r e d  wi th  s e a  w a t e r .  I n f o r m a t i o n  on the v a r i a t i o n s  in 
content  of S r ,  K, and Si w i l l  be  p r e s e n t e d  in g r e a t e r  de t a i l .  A s e c o n d a r y  

*E.P.R. Publication No. 534, Shell Development Company (a division of Shell Oil Company). 
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o b j e c t i v e  wi l l  be to d i s c u s s  s o m e  f a c t o r s  tha t  m a y  in f luence  the  a n a l y t i c a l  
r e s u l t s  and  t h e i r  i n t e r p r e t a t i o n .  

The  i n v e s t i g a t i o n  was  u n d e r t a k e n  as  a c o o p e r a t i v e  p r o g r a m  in wh ich  
She l l  D e v e l o p m e n t  Company  had p r i m a r y  r e s p o n s i b i l i t y  for  c o l l e c t i o n  of oi l  -, 
f i e ld  w a t e r  s a m p l e s  and  Du Pont  Company  for  t h e i r  s p e c t r o c h e m i c a l  a n a -  
l y s i s .  Some  s p e c t r o c h e m i c a l  and o the r  t y p e s  of a n a l y s e s  of d u p l i c a t e  s a m -  
p i e s  w e r e  m a d e  in the She l l  D e v e l o p m e n t  C ompa ny  l a b o r a t o r i e s .  

THE SAMPLING PROGRAM 

T h e  s a m p l i n g  p r o g r a m  was  a i m e d  at  c o l l e c t i n g  up to 1,000 s a m p l e s  
f rom the Uni ted  S t a t e s  and  Canada  tha t  would  y i e l d  the  m a x i m u m  i n f o r m a t i o n  
on m i n o r  e l e m e n t  c o m p o s i t i o n  of w a t e r s  p r o d u c e d  f r o m  oi l  and  gas  f i e ld s .  
I n t e r e s t  was  not only in p o s s i b l e  c o m m e r c i a l  r e c o v e r y  but  a l s o  in ob ta in ing  
an u n d e r s t a n d i n g  of the  o r i g i n  and h i s t o r y  of the  w a t e r s  and  in the  ways  
tha t  they had  c o n t r i b u t e d  to r o c k  d i a g e n e s i s .  

A t r i p a r t i t e  a p p r o a c h  was  adopted :  
(1) A r e l a t i v e l y  l a r g e  n u m b e r  of s a m p l e s  w e r e  c o l l e c t e d  f rom the  

m a j o r  p r o d u c i n g  h o r i z o n s  in d i f f e r e n t  p a r t s  of f ive s e l e c t e d  b a s i n s .  T h e s e  
b a s i n s  and the  n u m b e r  of s a m p l e s  a n a l y z e d  f rom each  w e r e :  W i l l i s t o n B a s i n  
of Uni ted  S t a t e s  and  C a n a d a  (80); A n a d a r k o  B a s i n  ( inc lud ing  O k l a h o m a  
P l a t f o r m ,  c e n t r a l  K a n s a s  up l i f t ,  and  A r d m o r e  Bas in ) (118 ) ;  e a s t  T e x a s  
e m b a y m e n t  (88); P e r m i a n  B a s i n  of wes t  T e x a s  and New M e x i c o  (148); and  
San Joaqu in  B a s i n  of C a l i f o r n i a  (82). S e l e c t i o n  of s a m p l i n g  l o c a l i t i e s  was  
gu ided  by the v a r i a t i o n  in t o t a l  d i s s o l v e d  s o l i d s  (and in s o m e  c a s e s  s u l p h a t e  
con ten t )  shown by m a p s  p r e p a r e d  f rom p u b l i s h e d  I and  u n p u b l i s h e d  w a t e r  
a n a l y s e s  fo r  p r o d u c i n g  h o r i z o n s  o r  g r o u p s  of h o r i z o n s .  In  th i s  way it  was  
hoped  tha t  v a r i a t i o n  in m i n o r  e l e m e n t  c o m p o s i t i o n  migh t  be  r e l a t e d  to 
v a r i a t i o n s  in w a t e r  s a l i n i t y  o r  m a j o r  e l e m e n t  c o m p o s i t i o n .  

(2) In the  L o u i s i a n a  and T e x a s  Gulf  C o a s t  a r e a s ,  s a m p l i n g  was  done 
m o s t l y  a l o n g  f ive  s e c t i o n s  rough ly  p e r p e n d i c u l a r  to  the  c o a s t .  T h e  p u r p o s e  
was  to ob ta in  w a t e r s  f rom v a r i o u s  a g e d  r o c k s  in updip  and  downdip p o s i t i o n s .  

(3) In o the r  p a r t s  of the  Uni ted  S t a t e s  s a m p l e s  w e r e  c o l l e c t e d  f r o m  
m a j o r  h y d r o c a r b o n  p r o d u c i n g  h o r i z o n s ,  u s u a l l y  e i t h e r  f r o m  f i e l d s  p r o d u c i n g  
l a r g e  q u a n t i t i e s  of w a t e r  o r  t h o s e  tha t  w e r e  at  g r e a t  d i s t a n c e s  f rom o t h e r  
p r o d u c i n g  a r e a s .  

In our  s a m p l i n g ,  f i e l d s  or  p a r t s  of f i e l d s  w h e r e  s e c o n d a r y  r e c o v e r y  by 
w a t e r  i n j e c t i o n  was  u n d e r w a y  w e r e  a v o i d e d .  A l s o  a v o i d e d ,  when k n o w n , w e r e  
w e l l s  that  had  had such  r e c e n t  r e m e d i a l  t r e a t m e n t  a s  a c i d i z i n g  o r  i n t r o d u c -  
t ion of f r e s h  w a t e r  to  d i s s o l v e  s a l t  p r e c i p i t a t e d  n e a r  the  we l l  b o r e ,  o r  that  
w e r e  be ing  t r e a t e d  with  e m u l s i o n  b r e a k e r s  o r  c o r r o s i o n  i n h i b i t o r s .  

W h e n e v e r  p o s s i b l e ,  s a m p l e s  w e r e  c o l l e c t e d  a t  the  w e l l h e a d  of pumpin~  
o r  f lowing w e l l s ,  o t h e r w i s e  f r o m  hea t  t r e a t e r s ,  w a t e r  k n o c k o u t s ,  wash  t a n k s ,  
gun b a r r e l s  o r ,  w h e r e  t h e r e  was  d a n g e r  f r o m  a b n o r m a l  a m o u n t s  of h y d r o g e n  
su lph ide  gas ,  f r o m  d e h y d r a t i n g  and r e c y c l i n g  p l a n t s .  S a m p l e s  w e r e  b l e d i n t o  
a two--gal lon p o l y e t h y l e n e  bo t t l e ,  u s i n g  a length  of T y g o n  tub ing .  A f t e r  the  

1Major sources of water data from United States oil fields published subsequent 
to Case et al. (1942) are l is ted as supplementary references .  
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water separated from the oil, it was bled through a valve at the bottom into 
new, one-quart polyethylene bottles, capped and sealed with electrical tape 
When an oil-water emulsion persisted, either samples were treated in the 
field with a small amount of R-24 or R-25 (Tretolite) emulsion breaker 1 
or larger samples were collected, The two-gallon polyethylene bottle was 
washed with a solvent (mineral spirits, white gasoline, or kerosene) after 
each sample was collected and washed out with wellhead fluid before taking 
the next sample. The water temperature, pH, and resistivity were measured 
immediately, when possible. For some samples, however, measurement of 
pH had to be deferred for several hours due to extreme cold or failure of 
the pH meter. Samples were shipped to the laboratory by rail each week or 
two weeks. 

All samples were collected by Mr. G.C. Flanagan, an oil scout of many 
years '  experience. He was advised as to the general localities and horizons 
from which samples were desired, but selection of the specific wells sampled 
was based on accessibility, informalion obtained from the operators, and 
Mr. Flanagan's good judgment. 

SPECTROCHEMICAL ANALYSIS OF BRINES 

Spectrochemical methods are readily adaptable to the determination 
of major, minor, and trace metals in almost any type sample with reasonable 
accuracy and minimum sample manipulation. The methods are rapid and 
detection limits were usually lower than those obtainable by other sensitive 
procedures then available. Maximum accuracy in spectrochemical analysis 
r e q u i r e s  that  the s a m p l e s  and  s t a n d a r d s  should  have n e a r l y  the s a m e  g e n e r a l  
c h e m i c a l  compos i t i on  and  p h y s i c a l  p r o p e r t i e s  to avoid  e r r o r s  c a u s e d  by 
v a r i a t i o n  in exc i t a t ion  t e m p e r a t u r e .  The  l a r g e  d i f f e rence  in m a j o r  e l e m e n t  
compos i t i on  of b r i n e s  p r e c l u d e s  m e e t i n g  th i s  r e q u i r e m e n t  wi thout  use  of 
m a n y  r e f e r e n c e  s t a n d a r d s .  A s p e c t r o c h e m i c a l  buf fe r  was  not u s e d  to c o m -  
p e n s a t e  for  the m a t r i x  ef fec ts  b e c a u s e  d i lu t ion  of the s a m p l e  and  s u b s e q u e n t  
de tec t ion  l i m i t  a l t e r a t i o n  was  not  d e s i r e d .  

Two s e p a r a t e  p r o c e d u r e s  w e r e  u s e d  for  the a n a l y s i s  of b r i n e s  d e s c r i b -  
ed in th is  r e p o r t  b e c a u s e  the n u m b e r  of e l e m e n t s  and  b r o a d  c o n c e n t r a t i o n  
r a n g e s  e n c o u n t e r e d  p r e c l u d e  the use  of a s ing le  method .  F i f ty  m e t a l i c  con -  
s t i t uen t s  w e r e  d e t e r m i n e d ,  and some  of these  a r e  p r e s e n t  in  the p a r t s  pe r  
billion r a n g e .  

The  de tec t ion  l i m i t s  of the m e t a l s  d e t e r m i n e d  by d i r e c t  exc i t a t ion  of 
an  a l iquot  of the r e f e r e n e e  b r i n e  so lu t ion  a r e  i nd i c a t e d  in  T a b l e  Io 2 C o n c e n -  
t r a t i o n  va lues  of these  m e t a l s  in  the b r i n e s  w e r e  d e t e r m i n e d  by c o m p a r i s o n  

1Analysis of several commonly used emulsion breakers indicated that they would not 
significantly alter the trace element composition. 
2Because oil-field waters vary widely in concentration and composition, the detection 
limits in Tables I and II will not apply to many and, for some elements, most oil- 
field waters. Most of the detection limits given in Table III, based on eighteen 
artificial brines of varying composition and concentration, differ from those in 
Tables I and II. 
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TABLE I 

Metals determined in untreated brine solution 

Element Detection limit Element Detection limit 
(P.P.M.) (P.P.M.) 

Antimony 20 Mercury 50 

Arsenic 20 Osmium 20 

Barium ] Palladium 1 

Boron i Potassium 50 

Bismuth ~ (} Platinum 5 

Cadmium 1 (~ Rhenium 5 

Calcium 1 o Rhodium 5 

Cerium 20 Ruthenium 1 

Germanium 5 Silicon 1 

Indium ~ Silver 1 

Iridium Z0 Sodium 50 

Iron } Strontium 10 

Lead i Tellurium 10 

Lithium 2 t) Thallium 1 

Magnesium 1 Zinc 10 

of s e l e c t e d  s p e c t r u m  l i ne s  on the s a m p l e  s p e c t r o g r a m  with a p r e v i o u s l y  
p r e p a r e d  r e f e r e n c e  s p e c t r o g r a m .  T h i s  c o m p a r i s o n  p r o c e d u r e  i s  r ap id  and 
i s  adequa te  for  the p u r p o s e s  of th is  s tudy but  a c c u r a c y  and  p r e c i s i o n  do not 
c o m p a r e  f avo rab ly  with me thods  in which the s p e c t r u m  l ine  i n t e ns i t y  is  
m e a s u r e d  i n s t r u m e n t a l l y  and c a l i b r a t i o n  c u r v e s  p r e p a r e d .  

The  t r a c e  m e t a l s  in the b r i n e s  w e r e  d e t e r m i n e d  a f t e r  s e p a r a t i o n  by 
p r e c i p i t a t i o n  f rom a 400 ml  s a m p l e  po r t ion .  Oxine ,  t ann ic  ac id ,  and th iona -  
l ide  were  u sed  as  p r e c i p i t a t i n g  agents~ and  g e r m a n i u m  was  added  to s e r v e  
as  a c a r r i e r  e l e m e n t ,  The  use  of th is  c o m b i n a t i o n  of o rgan ic  r e a g e n t s  has 
b e e n  sugges t ed  by Mi tche l l  and Scott  (1948) and  i s  widely  u sed  for  the 
d e t e r m i n a t i o n  of t r a c e  e l e m e n t s  in w a t e r s ,  A f t e r  ign i t ion  of the s e p a r a t e d  
m e t a l - o r g a n i c  p r e c i p i t a t e  to r educe  it to an i n o r g a n i c  ash ,  a po r -  
t ion  is  sub j ec t ed  to d i r ec t  c u r r e n t  a r c  exc i t a t ion .  Se lec ted  s p e c t r u m  l ines  
a r e  c o m p a r e d  with c o r r e s p o n d i n g  c a l i b r a t i o n  l i n e s  on a r e f e r e n c e  spec t ro -  
g r a m  and c o n c e n t r a t i o n  v a l u e s  e s t i m a t e d .  T he  de tec t ion  l i m i t s  and t r a c e  
m e t a l s  d e t e r m i n e d  a r e  ind ica ted  in T a b l e  H. It should  be noted that the con-  
c e n t r a t i o n  va lues  a r e  in the p a r t s  pe r  b i l l i on  r a n g e .  

When it was found that dup l ica te  s a m p l e s  a n a l y z e d  in the Du Pont  and 
Shel l  Deve lopmen t  l a b o r a t o r i e s  showed s o m e  d i f f e r ences ,  e igh teen  syn the t i c  
b r i n e s  hav ing  a wide r ange  in e igh teen  m a j o r  a nd  m i n o r  componen t s  1 w e r e  
p r e p a r e d  and a n a l y z e d  " b l i n d "  in each l a b o r a t o r y .  L ines  w e r e  f i t ted to 
t he se  data  by a l e a s t  s q u a r e s  method .  R e s u l t s  ob ta ined  by both l a b o r a t o r i e s  
on dupl ica te  s a m p l e s  of the n a t u r a l  b r i n e s  w e r e  a l s o  p lo t ted  in the sequence  
in which they had been  ana lyzed .  

1B, Be, Ca, Cr, Cu, Ga, Ge, K, Li, Mg, Mn, Mo, Na, Ni, St, V, W, Zn. 
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TABLE II 

Metals determined after separation by precipitation 

Element Detection limit Element Detection limit 
(P.P.B .) (P.P.B.) 

Aluminum 0.2 Nickel 0.5 

Beryllium 0.05 Niob ium 20 

Chromium 2 Tantalum 30 

Cobalt 2 Thorium 50 

C oppe r 0.1 Tin 1 

Gallium 0.2 Titanium 0.5 

H afnium 50 Tungsten 20 

Gold 2 Vanadium 0.5 

Manganese 0.3 Uranium 50 

Molybdenum 20 Zirconium 2 

In m o s t  c a s e s ,  the d i f f e r e n c e s  be tween  l a b o r a t o r i e s  for  the a r t i f i c i a l  
and na tu r a l  b r i n e s  s e e m e d  c o n s i s t e n t  wi th  c o r r e c t i o n  by the l e a s t  s q u a r e s  
l ines ,  and the r e s u l t s  w e r e  c o r r e c t e d  a c c o r d i n g l y .  T h e  Sr  l e a s t  s q u a r e s  
l ine,  h o w e v e r ,  did not a p p e a r  to g ive  a good fit,  and this  was  c o n f i r m e d  by 
the dup l i ca te  s a m p l e  plot .  T h e r e f o r e ,  an "eyeba l l "  f i t t ed  c u r v e  was  used  to 
c o r r e c t  the Sr  va lues .  F o r  Ca,  K, and Mg, the Shel l  a n a l y s e s  of a r t i f i c i a l  
b r i n e s ,  made  by t i t r i m e t r i c  or  f l ame  p h o t o m e t r i c  me thods ,  gave  e x c e l l e n t  
c o r r e s p o n d e n c e .  Since  the dup l i ca te  n a t u r a l  b r i n e s  had a l s o  been  a n a l y z e d  
by t h e s e  m e t h o d s ,  it was  p o s s i b l e  to m a k e  add i t iona l  c o r r e c t i o n  c u r v e s  for  
s o m e  s e r i e s  of s a m p l e s  that  had been  a n a l y z e d  s p e c t r o c h e m i c a l l y .  

AVERAGE COMPOSITION 

T h e  m e d i a n  c o n c e n t r a t i o n s  and n u m b e r  of s a m p l e s  a n a l y z e d  for  v a r i o u s  
a r e a s  or  p a r t s  of a r e a s  a r e  p r e s e n t e d  in T a b l e  III. A l s o  inc luded  a r e  the con-  
c e n t r a t i o n s  in s e a w a t e r  and our  e s t i m a t e d  de t ec t i on  l i m i t s .  Mos t  m e d i a n  con-  
c e n t r a t i o n s  w e r e  e s t i m a t e d  f r o m  h i s t o g r a m s  of the d i s t r i bu t i on  of c o n c e n -  
t r a t i o n s  ( F i g . l ) .  B e c a u s e  of the wide r a n g e  of va lues ,  t h e i r  n o n - n o r m a l  d i s -  
t r ibu t ion ,  and the n o n - d e t e c t i o n  of s o m e  e l e m e n t s  in s o m e  s a m p l e s ,  the 
m e d i a n  is  c o n s i d e r e d  a b e t t e r  a v e r a g e  va lue  than the a r i t h m e t i c  mean .  

The  med ian  to ta l  d i s s o l v e d  so l id s  conten t  r a n g e s  f r o m  5 to 222 g/1 
in d i f f e r en t  a r e a s  and, as  shown fo r  w e s t  T e x a s  and New Mexico  in Tab l e  III, 
may  a l s o  r ange  wide ly  in r o c k s  of d i f f e r e n t  a g e s  wi th in  the s a m e  a r e a .  
F u r t h e r ,  a s  p r e v i o u s l y  shown by Dott and G i n t e r  in 1930 and by o ther  i n v e s -  
t i ga t ions  inc luding our own s i n c e  then,  the  to ta l  d i s s o l v e d  so l ids  wi th in  the 
s a m e  f o r m a t i o n  tends  to i n c r e a s e  t o w a r d  the  c e n t r a l  pa r t s  of s t r u c t u r a l  
bas ins .  T h i s  may  be due whol ly  or  in p a r t  to di lut ion of the b r i n e s  with m e -  
t e o r i c  w a t e r s  near  the ba s in  m a r g i n s .  V a r i a t i o n  in to ta l  d i s s o l v e d  s o l i d s  
be tween  and in bas in s  may  a l s o  r e s u l t  f r o m :  (1) so lu t ion  of s a l t  depos i t s  or  
sa l t  domes  (Ri t tenhouse ,  1967); (2) o r i g i n a l  c o m p o s i t i o n  ( f resh ,  b r a c k i s h ,  
n o r m a l  m a r i n e ,  or  b i t t e r n s  f r o m  sa l t  depos i t ion) ;  ( 3 ) v a r i a t i o n  in c o m p o s i -  
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Fig .  1. D i s t r i b u t i o n  of  t o t a l  d i s s o l v e d  s o l i d s ,  c o p p e r  a n d  p o t a s s i u m  h~ 
w e s t  T e x a s  and New M e x i c o  o i l - f i e l d  w a t e r s .  

t ion of c o m p a c t i o n  w a t e r s  at d i f ferent  s t a g e s  in the c o m p a c t i o n  p r o c e s s  
( D e g e n s  and Chi l ingar ,  1967, p.489),  or  (4) c o n c e n t r a t i o n  by the s e m i p e r -  
m e a b l e  m e m b r a n e  act ion  of c l a y s  (De S i t t er ,  1947; White ,  1965). 

In o i l - f i e l d  w a t e r s ,  e l e m e n t s  are  c o m m o n l y  p r e s e n t  in c o n c e n t r a t i o ~ s  
a s  f o l l o w s :  

% 
% or  p .p .m.  
1004 p .p .m .  
1-100 p . p . m .  
p.p.b.  ( m o s t  w a t e r s )  
p.p.b.  ( s o m e  w a t e r s )  

Na, Cl 
Ca, SO4 
K, Sr 
A1, B, Ba,  Fe ,  Li 
C r ,  Cu, Mn, Ni, Sn, Ti ,  Z r  
Be ,  Co, Ga, Ge,  Pb,  V, W, Zn 

The median  content  of v a r i o u s  c o m p o n e n t s  of o i l - f i e l d  w a t e r s  
v a r i e s  b e t w e e n  a r e a s ,  in r o c k s  of d i f ferent  a g e s  in the s a m e  area ,  and in 
d i f ferent  parts  of the s a m e  f o r m a t i o n  in a s i n g l e  a r e a  (Table  III and F i g . l ) .  

That  the median  content  of d i f ferent  e l e m e n t s  i s  not d i r e c t l y  re la ted  
to change in the med ian  total  d i s s o l v e d  s o l i d s  content  i s  shown in Tab le  III, 
but it i s  e a s i e r  to s e e  in F ig .2  w h e r e  the data for s t r o n t i u m  and m a g n e s i u m  
f r o m  T a b l e  III have been  plot ted.  The  v a l u e s  s c a t t e r  w i d e l y .  F o r  c o m p a r i s o ~ ,  
the s t r o n t i u m  and m a g n e s i u m  content  in s e a  w a t e r  i s  shown and ind ica te s  
how t h o s e  content s  would change  with e v a p o r a t i o n  of the s e a  water  ( a s s u m i n g  
no prec ip i ta t ion ) .  T h e  s t ront ium content  of o i l - f i e l d  w a t e r s  i s  c o m m o n l y  
much  g r e a t e r  than s e a  water;  the m a g n e s i u m  content  i s  m u c h  l o w e r .  In 
addit ion to the c a u s e s  out l ined above  for v a r i a t i o n  in total  d i s s o l v e d  s o l i d s ,  
m a j o r  var ia t ion  in e l e m e n t  c o m p o s i t i o n  m a y  o c c u r  through depos i t ion  of 
c e m e n t s ,  so lut ion  of the r o c k  f r a m e w o r k ,  or  e x c h a n g e  with other  e l e m e n t s .  
Our data show no c l e a r  r e l a t i o n s h i p  b e t w e e n  w a t e r  c o m p o s i t i o n  and l i thology  
or  age  of the containing r o c k ,  but do s u g g e s t  that l e s s  s a l i n e  w a t e r s  may  
have  a r e l a t i v e l y  l a r g e r  proport ion  of s o m e  m i n o r  e l e m e n t s  than do m o r e  
s a l i n e  w a t e r s .  

COMPARISON WITH SEA WATER 

T o  o b t a i n  a b e t t e r  c o m p a r i s o n  w i t h  s e a  w a t e r ,  th e  m i n o r  e l e m e n t  
m e d i a n s  w e r e  c o m p u t e d  to  a c o m m o n  b a s e  o f  35 g A  t o t a l  d i s s o l v e d  s o l i d s .  
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Fig.2. Median total dissolved solids versus median magnesium and 
s t r o n t i u m  con ten t s  for  a r e a s  l i s t ed  in T a b l e  III (o) and  for rocks  of d i f f e ren t  
ages  (x) in west  Texas  and New Mexico.  

The  r e s u l t s  a r e  s u m m a r i z e d  in T a b l e  IV. Mn, Li, Cr ,  and usua l ly  Sr  a r e  
p r e s e n t  in amoun t s  m o r e  than five t i m e s  the i r  c o n c e n t r a t i o n  in sea  wate r .  
In con t r a s t ,  Sn, Ni, Mg, and K a r e  commonly  p r e s e n t  in a moun t s  l e s s  than  
hal f  and, in some  a r e a s  or  rocks ,  l e s s  than one-f i f th  that in sea  water .  

A s i m i l a r  computa t ion  to a c o m m o n  base  of 35 g/1 total  d i s s o l v e d  
so l ids  was a l so  m a d e  us ing  the conten t  exceeded by 25% of the s a m p l e s  
(Table  V). In m o s t  a r e a  and  rock  s u b d i v i s i o n s  Mn, Cr ,  and Li in th i s  25% 
of the s a m p l e s  exceeded  t he i r  c o n c e n t r a t i o n  in s e a w a t e r  by m o r e  than 25 
t i m e s .  Sr commonly  is  be tween  5 - 25 t i m e s  as  much.  Co, Cr ,  Ni, K, T i ,  
Sn, and V exceed the i r  c o n c e n t r a t i o n  in  sea  wa te r  by at l ea s t  two t i m e s  in at 
l e a s t  one rock or a r e a  subd iv i s ion .  

T h e s e  d i f f e r ences  cannot  be exp la ined  by s i m p l e  d i lu t ion of sea  w a t e r  
with f resh  wa te r  or by c o n c e n t r a t i o n  of s e a w a t e r  by evapora t ion .  

INDIVIDUAL ELEMENTS 

Strontium 

The median concentration of strontium versus total dissolved solids 
for the different areas and ages of rock in Table I are presented in Fig.2. 
A similar plot for individual samples from Pennsylvania (mostly from 
sands) and from both carbonates and sands from various places in the United 
States is presented in Fig.3. Shown for comparison in both figures is the 
concentration of strontium that would result from evaporation of sea water, 
assuming no precipitation. 

For the medians and nearly all of the individual samples, the strontium 
content is much greater than that to be expected from evaporation of sea 
water. The difference appears to increase as salinity increases. No differ- 
ence is apparent between samples from carbonate and sand reservoirs. 
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TABLE V 

Concent ra t ions  of c e r t a i n  e l emen t s  ( re la t ive  to sea  water) in 25% of the 
oi l -f ield wa t e r s  

A r e a  P25 t i m e s  25--5 t i m e s  5-2 t i m e s  

I l l inois  Basin 

Louis iana  and Texas  Gulf Coast  

Eas t  Texas  

North Texas  

Wes t  Texas  and New Mexico 

P e r m i a n  only 

Pennsylvanian  only 

S i lur ian-Devonian  only 

Ordovic ian-C ambr i an  only 

Anadarko Basin 

Wil l i s ton Basin,  p o s t - P a l e o z o i c  

Wil l i s ton  Basin,  Pa leozo ic  

Powder  River  Basin 

Other  Wyoming 

Colorado 

Cal i forn ia  

Mn~ 

Mn 

Mn 

Mn, 

Mn, 

Mn, 

Mn, 

Mn, 

Mn, 

Mn 

Mn 

Cr  

Mn 

Mn 

Mn 

Mn 

Li Sr,  Cr  

Sr ,  Li 

Sr,  Cr  Sn 

Cr ,  Li Sr  Ti, Cu, Ni 

Li Sr ,  Cr  - 

Li St ,  Cr  - 

Li Sr,  C r  - 

Cr ,  Li Sr 

Cr ,  Li Sr  

Cr ,  Li Sr  Ni 

Li Sr  - 

IA Mn, Sr ,  Ti, K - 

Sr,  Cu, L iK  

Cr ,  Li Sr,  K Ni 

Sr K 

Co, Cr  Ti, V, Ni Sn, St ,  Cu 

1000 

2 
o= v 

J I00  
0 

w 
>., 
0 ¢/) 

7-, tO 
J 

0 
F- 

/ ' -  :o 
o I ~  xx~  ~k o ~  

/x,,x 
SEA WATER~=-Jfx/X :Xo• o o %o 

I i  I I I I I I l l l ~  . . . . .  i l i~O00 

x POTH (1962} 
/ • CARB. 

o SANDS 
I I i I I I I I i  I i I I I I i i i  

I 00  I0O0 
S T R O N T I U M  ( p.p, m J  

F i g . 3 . T o t a l  d i s s o l v e d  s o l i d s  v e r s u s  s t r o n t i u m  c o n t e n t  f o r  i n d i v i d u a l  
o i l - f i e l d  w a t e r  s a m p l e s .  S t r o n t i u m  d e t e r m i n e d  by w e t  c h e m i c a l  m e t h o d s  
( P o t h ,  1 9 6 2 ) a n d  s p e c t r o c h e m i c a l l y  ( t h i s  s tudy} .  
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In w a t e r s  f rom ca rbona t e  beds ,  c o n c e n t r a t i o n s  of s t r o n t i u m  g r e a t e r  
than in s e a w a t e r  might  be exp la ined  by r e l e a s e  of s t r o n t i u m  dur ing  a l t e r a -  
t ion  of a r agon i t e  to ca lc i te  or dolomi te .  C a l c u l a t i o n s  sugges t  that it may 
a l so  be an adequate  m e c h a n i s m  in s a n d s t o n e  r e s e r v o i r s  as  well ,  if as much  
as  1% of a r a g o n i t e  was p r e s e n t  as g r a i n s  or  cemen t .  Be c a use  much of the 
wa t e r  now in s ands tone  r e s e r v o i r s  may have been  squeezed  f rom sha l e s  
du r ing  the i r  compact ion ,  c o n v e r s i o n  of a r a g o n i t e  in the sha les  might  be the 
s o u r c e .  

Ac tua l ly ,  the p r o b l e m  may  not be in  f inding  an adequate  sou rce  of the 
s t r o n t i u m  in o i l - f i e ld  w a t e r s ,  but in u n d e r s t a n d i n g  why the c o n c e n t r a t i o n  is 
not g r e a t e r ,  p a r t i c u l a r l y  in w a t e r s  f rom l i m e s t o n e s  or c a l c a r e o u s  sha l e s .  
Con t ro l  by su l fa te ,  i .e . ,  p r e c i p i t a t i o n  as  s t r o n t i u m  sul fa te ,  may afford an 
exp lana t ion  for some,  but not a l l  w a t e r s .  F o r  about  half  of the s a m p l e s  for 
which data a r e  ava i l ab le ,  a f a i r ly  good i n v e r s e  r e l a t i o n s h i p  be tween  Sr  and 
SO 4 ex i s t s ,  but on the half  of the s a m p l e s  in which su l fa te  is below our  de- 
t ec t ion  l im i t  (about 16 p .p .m. ) ,  the s t r o n t i u m  content  v a r i e s  widely.  P lo t s  oi 
Sr  v e r s u s  HCO 3 and Sr v e r s u s  SO 4 and HCO 3 toge the r  show a wide s c a t t e r  
and sugges t  no obvious con t ro l  by b i c a r b o n a t e .  

Potassiu~z 

In contrast to strontium, potassium is commonly less abundant in oil- 
field waters than might be expected from evaporation of sea water. Data frozn 
the Bocana de Virrila, Peru (Morris and Dickey, 1957), an estuary in which 
evaporation exceeds precipitation plus runoff, are plotted in Fig.4A. Four of 
the six observations fit the expected evaporation concentrations closely; 
two that have relatively high potassium content may result from dilution of 
highly concentrated water with less saline water. 

Fig.4B is a plot of potassium content (flame photometric method only) 
versus total dissolved solids for oil-field waters - mostly from California, 
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Fig.4. Total dissolved solids versus potassium content. A, Bocana de 
Virrila, Peru (Morris and Dickey, 1957). B. Oil-field waters from sand- 
stone (x) and carbonate (o) reservoirs. 
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eas t  T e x a s ,  and wes t  Texas .  Except  for  a few w a t e r s  of high sa l in i ty  f rom 
c a r b o n a t e  r e s e r v o i r s  and of low sa l in i ty  f rom sands tone  and c a r bona t e  r e s e r  
v o i r s ,  the p o t a s s i u m  content  is  l e s s  than would r e s u l t  f rom evapora t ion  of 
s e a w a t e r . F o r  w a t e r s  having to ta l  d i s s o l v e d  so l ids  g r e a t e r  than 60 g / l ,  the 
dashed  l ine  s e p a r a t e s  those f rom m o s t  c a rbona t e  and mos t  s ands tone  r e -  
s e r v o i r s  - the w a t e r s  in s ands tone  r e s e r v o i r s  ge ne r a l l y  be ing  m o r e  def i -  
c ien t  in p o t a s s i u m .  

We sugges t  that  the w a t e r s  in the s ands tones  have been  in contact  
with c lays  and that  the g r e a t e r  def ic iency  in p o t a s s i u m  r e s u l t s  f rom b a s e  
exchange or i n c o r p o r a t i o n  of p o t a s s i u m  in the clay la t t i ce .  The  appa ren t  
d i s c r e p a n c i e s ,  i .e . ,  too much p o t a s s i u m  from some  sands tones  and too 
l i t t l e  po t a s s ium f rom some c a r b o n a t e s ,  appea r  to be exp la inab le  under  th i s  
hypothes i s .  The t h r e e  s ands tone  w a t e r s  having too much  po t a s s i um a r e  a l l  
f rom the Oil Creek  Sands tone  which o c c u r s  in the p r e d o m i n a n t l y  c a r b o n a t e  
Pa l eozo i c  sequence  in Oklahoma,  and, consequen t ly ,  may have had t he i r  
s a n d s t o n e - l i k e  wa te r  d i sp laced  by wa t e r  f rom the l i m e s t o n e s .  

Of the s ix w a t e r s  having too l i t t l e  p o t a s s i u m ,  five a r e  f rom the P e t t e t  
and Rodessa  in eas t  Texas .  F o u r  of these  w a t e r s  have f rom 1,260 to 2,900 
p .p .m,  b r o m i n e  and a r e  i n t e r p r e t e d  to be s l ight ly  d i lu ted b i t t e r n s  f rom 
J u r a s s i c  sa l t  depos i t ion  (Ri t tenhouse ,  1967). Loss  of p o t a s s i u m  could have 
o c c u r r e d  as these  w a t e r s  m i g r a t e d  th rough sha le s  to t he i r  p r e s e n t  pos i t ion  
in C r e t a c e o u s  c a r b o n a t e  r e s e r v o i r s .  The  l e s s  d i s t inc t ive  b r o m i n e  conten t  
of the other  much l e s s  s a l i ne  w a t e r  may  r e s u l t  f rom m o r e  ex tens ive  d i lu -  
t ion,  e i the r  dur ing  the c r o s s - f o r m a t i o n a l  m i g r a t i o n  or a f te r  e n t e r i n g  the 
p r e s e n t  r e s e r v o i r s .  The  m o r e  ex t ens ive  loss  of p o t a s s i u m  from Pet te r  and  
R o d e s s a  w a t e r s  than  f rom Pa luxy  and  Woodbine  w a t e r s  in the s a m e  a r e a  
may  by due to h igher  in i t i a l  s a l i n i t y  of the b i t t e r n s ,  which caused  g r e a t e r  
uptake of p o t a s s i u m  by the c lays .  

The  sixth a n o m a l o u s  c a r b o n a t e  r e s e r v o i r  wa te r  (about 108 g/1 T.D.S.  
and 380 p .p .m.  K) is  f rom the San A n d r e s  F o r m a t i o n  in west  Texas .  B r o m i n e  
is  def ic ient  in this  wa te r ,  s u g g e s t i n g  that i ts  high sa l in i ty  r e s u l t s  f rom so -  
lu t ion  of NaC1. Li t t l e  addi t ion  of p o t a s s i u m  would accompany  th is  so lu t ion  
of NaC1. 

It is hoped that  l a b o r a t o r y  e x p e r i m e n t s  with n a t u r a l  w a t e r s  and c lays ,  
and a c c u r a t e  K, Br ,  and T.D.S.  a n a l y s e s  of a l a r g e r  and m o r e  r e p r e s e n t a -  
t ive  group of w a t e r s  wi l l  be made  to t e s t  these  sugges t ions .  

Silicon 

As shown in F ig .5 ,  the Si con ten t  of 783 o i l - f i e l d  w a t e r s  r a n g e s  f rom 
l e s s  than 1 to m o r e  than 500 p .p .m.  The  m e d i a n  is  7.8 p .p .m.  F o r  Oklahoma 
and  K a n s a s  and for Ca l i fo rn i a ,  the Si conten t  r a n g e s  widely wi th in  a s i ng l e  
a r e a  and di f fers  m a r k e d l y  be tween  a r e a s .  

In west  T e x a s  and  New Mexico  the m e d i a n  Si content  d i f fe r s  in rocks  
of d i f fe rent  ages and,  in rocks  of a l l  ages ,  d e c r e a s e s  as  the tota l  d i s s o l v e d  
so l ids  i n c r e a s e s  (Fig.6) .  The  low sa l i n i t y  w a t e r s  of Wyoming ,  Ca l i fo rn i a ,  
and  p a r t s  of Montana  a l so  have h ighe r  m e d i a n  Si con ten t s  than do m o r e  
s a l i ne  wa te r s  in o ther  a r e a s .  

The r e a s o n s  for  th is  i n v e r s e  r e l a t i o n s h i p  of Si to total  d i s so lved  so l i d s  
content  is not u n d e r s t o o d  and may  be diff icul t  to d e t e r m i n e .  Rock c o m p o s i -  
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f rom west  Texas  and New Mexico. 

t ion  does not appea r  to be a m a j o r  con t ro l ,  s ince  high or  low s a l i n i t i e s  anti 
Si con ten t s  may occur  in both c a r b o n a t e s  and s a n d s t o n e  r e s e r v o i r s .  High Si 
con t en t s  occur  in s o m e  rocks  having  an abundance  of v o l c a n i c  a m o r p h o u s  
or  c r y p t o c r y s t a l l i n e  s i l i ca ,  but a l so  in rocks  having  l i t t l e  or no a m o r p h o u s  
s i l i c a .  

Sa l i n i t i e s  c o m m o n l y  a r e  low n e a r  m a r g i n s  of s t r u c t u r a l  b a s i n s  and  
i n c r e a s e  toward  t h e i r  c e n t e r s  where ,  b e c a u s e  of g r e a t e r  depth, t e m p e r a t u r e s  
and  p r e s s u r e s  a l so  a r e  g r e a t e r .  It may p rove  di f f icul t  to s e p a r a t e  the effects  
on Si content  of such i n c r e a s e s  in t e m p e r a t u r e  and  p r e s s u r e  f rom the effects  
of m i x i n g  of m e t e o r i c  w a t e r  f lowing into the b a s i n s  with h i g h e r  s a l i n i t y  
w a t e r s  a l r e a d y  the re .  
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FACTORS BEARING ON WATER ANALYSIS INTERPRETATION 

In t r y i n g  to u n d e r s t a n d  how s u b s u r f a c e  w a t e r s  have  b e e n  changed  and  
how m u c h  of th i s  change  m a y  have  r e s u l t e d  f r o m  i n t e r a c t i o n  wi th  the  en-  
c l o s i n g  r o c k s ,  we  m u s t  w o r k  l a r g e l y  wi th  s a m p l e s .  I t  b e c o m e s  c r i t i c a l ,  
t h e r e f o r e ,  t o  have  a c l e a r  u n d e r s t a n d i n g  of how w e l l  t h e s e  s a m p l e s  r e p r e -  
s en t  the  w a t e r s  a s  they  a c t u a l l y  o c c u r  u n d e r g r o u n d .  I t  i s  wi th  the  w a t e r s  a s  
they  o c c u r  t h e r e  tha t  we a r e  c o n c e r n e d .  We b e l i e v e  i t  would  be use fu l  to 
s u m m a r i z e  s o m e  f a c t o r s  tha t  b e a r  on th i s  i m p o r t a n t  p r o b l e m  and wi l l  
a t t e m p t  to do so  in the  p a g e s  tha t  fol low.  

Al though  i t  i s  p o s s i b l e ,  by use  of a b o m b ,  to c o l l e c t  a w a t e r  s a m p l e  
a t  f o r m a t i o n  p r e s s u r e  and t e m p e r a t u r e ,  the  cos t  i s  so  high in deep  w e l l s  a s  
to  be  p r o h i b i t i v e  e x c e p t  in s p e c i a l  c i r c u m s t a n c e s .  E v e n  then,  p r e s s u r e ,  
t e m p e r a t u r e ,  and  w a t e r  c o m p o s i t i o n  m a y  only a p p r o a c h  tha t  o r i g i n a l l y  in the  
f o r m a t i o n .  P r e s s u r e ,  for  e x a m p l e ,  m a y  have  been  r e d u c e d  by n e a r b y  p r o -  
duc t ion  of oi l ,  gas ,  o r  w a t e r  or ,  in s o m e  p l a c e s ,  by p r o d u c t i o n  many  m i l e s  
away  f r o m  the  we l l  be ing  s a m p l e d  ( L e v o r s e n ,  1954, pp .447-448) .  T h e r e f o r e ,  wi th  
few e x c e p t i o n s ,  p a s t  and  fu tu re  w a t e r  s a m p l e s  wi l l  be  t h o s e  c o l l e c t e d  a t t h e  
s u r f a c e  and wi l l  r e q u i r e  e x t r a p o l a t i o n  back  to s u b s u r f a c e  cond i t i ons .  

P r e s s u r e  and temperature  

In m o s t  p l a c e s ,  v i r g i n  f o r m a t i o n  p r e s s u r e  a p p r o x i m a t e s  h y d r o s t a t i c ,  
tha t  i s ,  the  we igh t  of a co lumn of w a t e r  ex t end ing  to the s u r f a c e  o r  the w a t e r  
t a b l e .  F o r  f r e s h  w a t e r  th i s  i s  0.433 p . s . i . / f t ,  of dep th  and  i n c r e a s e s  a s  the  
s a l i n i t y  i n c r e a s e s .  T h e  a p p r o x i m a t e  p r e s s u r e - d e p t h  r e l a t i o n s h i p  for  the Gulf  
C o a s t  i s  shown by F ig .TA.  Thus ,  w a t e r  f rom 10,000 ft. in the  Gulf  C o a s t w o u l d  
have  been  at  a p r e s s u r e  a p p r o x i m a t i n g  4,650 p . s . i ,  in the  f o r m a t i o n ,  a n d m i g h t  
be  e x p e c t e d  to have  los t  a l a r g e  p r o p o r t i o n  of c a r b o n  d iox ide  o r  o the r  g a s e s  
a s  i t  m o v e d  to the  s u r f a c e .  T h e  l o s s  of c a r b o n  d iox ide  p a r t i c u l a r l y  migh t  
change  the  pH of the  w a t e r  and  p e r h a p s  c a u s e  p r e c i p i t a t i o n  of s o m e  s a l t s .  
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Fig .7 .  A.  A p p r o x i m a t e  p r e s s u r e - d e p t h  r e l a t i o n s h i p  for  Gulf  Coas t .  
B. V a r i a t i o n  in t e m p e r a t u r e - d e p t h  r e l a t i o n s h i p s  fo r  d i f f e r e n t  a v e r a g e  t e m -  
p e r a t u r e  g r a d i e n t s .  
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With p roduc t ion  of wa te r  or h y d r o c a r b o n s ,  the p r e s s u r e  d e c r e a s e  extends  
in to  the f o r m a t i o n  away f rom the well .  Consequen t ly ,  r e l e a s e  of gas  or p r e -  
c ip i t a t ion  of s a l t s  may  occur  in the fo rma t ion  be fo re  the w a t e r  r e a c h e s  the 
wel l .  

P r e s s u r e s  g r e a t e r  or l e s s  than hyd ros t a t i c  occu r  in some  p l a c e s .  Ab ~ 
n o r m a l l y  high p r e s s u r e s  a r e  not u n c o m m o n  in the Gulf Coast ,  exceed ing  
9,000 p . s . i ,  at 10,000 ft. in  a few p laces .  Loss  of d i s s o l v e d  ga se s  be tween  
f o r m a t i o n  and su r f ace  would be even g r e a t e r  in w a t e r s  f rom these  f o r m a -  
t ions  with a b n o r m a l l y  high p r e s s u r e .  

T e m p e r a t u r e  a l so  i n c r e a s e s  with depth, the a v e r a g e  ra te  of i n c r e a s e  
v a r y i n g  in d i f fe ren t  a r e a s  f rom l e s s  than I ° F / 1 0 0  ft. to m o r e  than 3 ° F / 1 0 0  R. 
of depth. Fig.TB shows t e m p e r a t u r e s  that ex is t  at  v a r i o u s  depths for  cons tan t  
g r a d i e n t s  of 1 o, 2 o and 3 ° /100  ft. Thus  at 10,000 ft. ,  the t e m p e r a t u r e s  might  be 
174°F,  274°F ,  o r  374°F  for  1 o, 2 o, or  3 ° / 1 0 0  ft. t e m p e r a t u r e  g r a d i e n t s ,  r e s p e c t i v e l y  
The t e m p e r a t u r e  g r a d i e n t s  a r e  not n e c e s s a r i l y  u n i f o r m  with depth, c o m m o n l y  
be ing  h igher  n e a r  sa l t  domes  and in beds  with a b n o r m a l l y  high p r e s s u r e  
and lower  where  the p ropo r t i on  of sand  is  high. 

M e a s u r e m e n t  of t r u e  f o r m a t i o n  t e m p e r a t u r e s  is  not easy.  Dur ing  
d r i l l i n g  of a wel l ,  the rocks  n e a r  the wel l  a r e  cooled  by the mud  c i r c u l a t e d  
to l u b r i c a t e  the bi t ,  r e m o v e  cu t t ings ,  and  sea l  p o r o u s  f o r m a t i o n s .  Expans ion  
of ca rbon  dioxide or other  ga se s  may  a l so  r educe  the t e m p e r a t u r e  in a wel l  
and  the s u r r o u n d i n g  fo rmat ion .  U n l e s s  the wel l  has  been  shut in for a suf-  
f i c ien t  t i m e  to p e r m i t  t e m p e r a t u r e  e q u i l i b r i u m  to be r e - e s t a b l i s h e d  (days 
or  weeks) ,  the m e a s u r e d  t e m p e r a t u r e s  wi l l  be too low, s o m e t i m e s  by 30°F  
or  m o r e .  T e m p e r a t u r e s  m e a s u r e d  a f t e r  cas ing  has  been  c e m e n t e d  in p lace  
m a y  be too high b e c a u s e  of the heat  g e n e r a t e d  as  the c e m e n t  c u r e s .  

In a t t emp t ing  to ex t rapo la te  s u r f a c e  s a m p l e s  to s u b s u r f a c e  condi t ions ,  
one is  thus faced with two d i f f i cu l t i e s ,  i .e . :  (1) of knowing  or  d e t e r m i n i n g  the 

p r e c i s e  t e m p e r a t u r e  to which extrapoI~ition is needed ,  and (2) of knowing 
what  effect the lower ing  of t e m p e r a t u r e  in the f o r m a t i o n  or as  the w a t e r  
m o v e s  f rom the f o r m a t i o n  to the s u r f a c e  has  on the d i s so lved  c o n s t i t u e n t s  
in the wa te r .  In s o m e  w a t e r s ,  p r e c i p i t a t i o n  o c c u r s  as  shown by the depos i -  
t ion  of BaSO4, CaSO4, or other  s c a l e s  in the wel l  t ub ing  or cas ing ,  or  by 
the r educ t ion  in p e r m e a b i l i t y  c a u s e d  by depos i t ion  of NaC1 or o ther  s a l t s  
in  the fo rma t ion  ad jacen t  to the wel l .  In some  p l a c e s ,  f r e sh  w a t e r  is i n t r o -  
duced into such we l l s  to d i s so lve  NaCI, and the to ta l  d i s so l ve d  so l ids  and 
the p r o p o r t i o n s  of Na, C1, and o ther  e l e m e n t s  m e a s u r e d  in s a m p l e s  co l -  
l e c t ed  at d i f fe rent  t i m e s  may v a r y  a c c o r d i n g l y .  

Other downhole changes 

At p r e s e n t ,  mos t  wel ls  a r e  d r i l l e d  with r o t a r y  tools ,  and m a n y  a r e  
t r e a t e d  in i t i a l ly  or at l a t e r  t i m e s  in one or m o r e  ways  to s t i m u l a t e  the flow 
of f lu ids  to the wel l  bore .  As a r e s u l t ,  the wa t e r  c o m p o s i t i o n  ma y  be m o d i -  
fied. 

In ro t a ry  d r i l l i ng ,  the weight  of the co lumn  of mud  c i r c u l a t e d  down the 
d r i l l  pipe exceeds  th e p r e s s u r e  in the f o r m a t i o n .  When  a porous  a nd  p e r -  
m e a b l e  bed is  p e n e t r a t e d ,  this  e x c e s s  p r e s s u r e  r e s u l t s  in a mud  cake f o r m -  
ing on the rock s u r f a c e  and  f i l t r a t e  p e n e t r a t i n g  in to  the f o r m a t i o n  a r o u n (  the 
hole.  If a fluid s a m p l e  is  co l lec ted  with a f o r m a t i o n  t e s t e r  (bomb) or  a dr i l l  
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s t em tes t  is made ,  the f i r s t  wa t e r  to en te r  the t e s t e r  or hole wil l  be this  
f i l t r a t e  or a m i x t u r e  of f i l t r a t e  and fo rma t ion  wa te r .  On d r i l l  s t em t e s t s ,  
th i s  diff iculty can be o v e r c o m e  by t e s t i ng  w a t e r  s a m p l e s  for ch lo r ide  ion 
conten t  unt i l  a c o n s t a n t  va lue  is  obta ined  (Buckley et a l . ,  1958, pp.852-854) .  

To  i n c r e a s e  the flow of f luids  to the wel l  bore ,  " m u d  ac id"  may be 
in t roduced  to r e m o v e  the mud  cake,  hyd roch lo r i c  ac id  may be fo rced  into 
ca rbona t e  f o r m a t i o n s ,  or  f r a c t u r i n g  of the bed may be a c c o m p l i s h e d  by: 
(1) exp los ives  or (2) app ly ing  enough excess  p r e s s u r e  to f r a c t u r e  the rock  
and to force  f luid c o n t a i n i n g  sand  or other  m a t e r i a l s  into the f r a c t u r e s  to 
hold them open when the p r e s s u r e  is r educed .  Due to these  and other  types  
of t r e a t m e n t s  to s t i m u l a t e  p roduc t i on  or p r e v e n t  f r i ab l e  sands  f rom e n t e r i n g  
the hole,  n o n - r e p r e s e n t a t i v e  wa t e r  compos i t i ons  may be ob ta ined  unt i l  the 
c o n t a m i n a t e d  wa te r  has  been  produced .  

Another  c o m m o n  s o u r c e  of c o n t a m i n a t i o n  is  l eakage  of w a t e r  f rom one 
fo rma t ion  to ano the r  b e c a u s e  of inadequa te  cemen t ing ,  l eak ing  p a c k e r s ,  or 
holes  in the cas ing .  Some s a m p l e s  a re  obta ined  for the spec i f ic  p u r p o s e  of 
d e t e r m i n i n g  whether  such  l eakage  is o c c u r r i n g ,  and the pos s ib i l i t y  that  the 
s a m p l e s  a re  c o n t a m i n a t e d  may  not a lways  be ind ica ted  on the a n a l y t i c a l  
data shee t s .  

C o r r o s i o n  of c a s i n g  and tub ing  in the we l l s  or in ga the r ing  l i nes  or 
s e p a r a t o r s  above g round  is  ano the r  s o u r c e  of c o n t a m i n a t i o n  in s o m e  p l a c e s .  
As shown by C a r p e n t e r  and M i l l e r  (1969), such c o r r o s i o n  may affect  
e spec i a l l y  the content  of c e r t a i n  t r a c e  m e t a l s  which a re  p r e s e n t  in s t ee l  
a l loys .  

Secondary  r e c o v e r y  me thods ,  p a r t i c u l a r l y  w a t e r  f looding, may modify  
ex tens ive ly  the compos i t i on  of s u b s u r f a c e  w a t e r s ,  the extent  of such m o d i -  
f ica t ion be ing  dependent  on the a m o u n t  and  compos i t i on  of the i n t r o d u c e d  
wate r .  Even  when p roduced  wa t e r  is  r e t u r n e d  to the s a m e  fo rma t ion ,  i ts  
exposure  at the s u r f a c e  may  r e s u l t  in p r e c i p i t a t i o n  of s o m e  e l e m e n t s ,  
p a r t i c u l a r l y  Fe .  When p r o d u c e d  wa t e r  is  i n j ec t ed  into o ther  f o r m a t i o n s ,  
these  wil l  a l so  be con t amina t ed .  

Ano the r  p rob l em about  which l i t t le  is  now known is whe ther  w a t e r  
p roduced  with oil is  r e p r e s e n t a t i v e  of w a t e r s  in the s a m e  bed away f rom the 
f ie lds .  Z a r g a r y a n  (1959) found that  in the K a r a c h u k u r - Z y k h  f ie ld:  (1) the 
sa l in i ty  and compos i t i on  v a r y  a r e a l l y ,  m a r g i n a l  w a t e r s  be ing  l e s s  s a l i n e  
than wa te r  in contac t  with the oil ,  and  (2) a s y s t e m a t i c  change in c h e m i c a l  
compos i t ion  o c c u r r e d  as  exp lo i t a t ion  p roceeded .  It has a l so  been  noted that  
the amount  of su lpha te  in sa l t  b r i n e s  often is  in d i r ec t  r a t io  to the d i s t a n c e  
f rom oil f ie lds  (Rogers ,  1917) ancl that in West V i r g i n i a ,  a r e a s  m o s t  p r o d u c -  
t ive of oil and gas a l so  p roduce  the b r i n e s  that  conta in  the l a r g e s t  p e r c e n -  
tages  of b a r i u m  (Heck, 1940). R e a c t i o n s  be tween  h y d r o c a r b o n s  and  the w a t e r s  
in contact  with them a r e  sugges ted .  W a t e r  p roduced  f rom gas or  c o n d e n s a t e  
wel l s  may be, in par t ,  wa t e r  tha t  i s  condensed  f rom the gas phase  as  the 
p r e s s u r e  is r educed  and, consequen t l y ,  may  not be r e p r e s e n t a t i v e  of the 
fo rma t ion  wa te r  in total  d i s s o l v e d  so] ids  or  e l e m e n t  content .  

Changes at the surface 

After  wa te r  r e a c h e s  the s u r f a c e ,  i ts  t e m p e r a t u r e  may con t inue  to be 
reduced,  and it is exposed to the oxygen in a i r  and to b a c t e r i a .  Even  in s a m -  
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Fig.8 .  Changes  in pH with t ime  of typ ica l  o i l - f i e l d  w a t e r s  s t o r e d  in 
po lye thy lene  bo t t l e s .  

p l e s  co l l ec ted  at the wel l  head, we w e r e  unab le  to exclude  a l l  a i r  f rom the 
s a m p l e s ,  even though a t t emp t s  w e r e  made to do so for  a few s a m p l e s .  

Fo r  s a m p l e s  co l lec ted  at  the wel l  head, ga se s  may  be los t ,  but the 
m i n e r a l  content  is  p r e s e r v e d ,  even though p r e c i p i t a t i o n  ma y  occur  in the 
s a m p l e  bot t le  l a t e r .  F o r  s a m p l e s  that  a r e  co l l ec ted  f rom s e p a r a t o r s ,  
ga the r ing  l i ne s ,  o r  p l an t s ,  however ,  the re  may  be an oppor tun i ty  for  p r e -  
c ip i t a t e s  to be r e m o v e d  f rom the w a t e r  be fore  the s a m p l e  is  co l l ec ted  and,  
thus ,  modify i ts  compos i t ion .  

We have found that  ex tens ive  changes  may  occur ,  p a r t i c u l a r l y  in pH, 
be tween  the t ime  of co l l ec t ion  and a n a l y s i s .  T y p i c a l  changes  in pH with t i m e  
of s to rage  in po lye thy lene  bo t t l e s  a r e  shown in  F ig .8 .  In g e n e r a l ,  the pH of 
high sa l in i ty  w a t e r s  is r educed ,  that  of low sa l i n i t y  w a t e r s  i n c r e a s e d ,  and 
that  of w a t e r s  of i n t e r m e d i a t e  s a l i n i t y  f i r s t  d e c r e a s e s  and then  i n c r e a s e s .  

Ex tens ive  t e s t s  w e r e  made  to obta in  an u n d e r s t a n d i n g  of t hese  changes .  
S ix ty - four  dup l i ca te  s a m p l e s  we re  ob ta ined  f rom each of s e v e r a l  we l l s .  Half 
w e r e  p laced  in po lye thy lene  and  ha l f  in g l a s s  bo t t l e s .  To  hal f  of each of these  
an  o rgan ic  b a c t e r i a l  i nh ib i to r  (Duomen C-50)  was  added,  and hal f  of each was 
kept  r e f r i g e r a t e d .  The  pH of s a m p l e s  of each type was  m e a s u r e d  a f t e r  v a r y -  
ing t i m e s  of s t o r a g e .  The  change in pH was m o r e  e x t e n s i v e  in po lye thy lene  
than  in g l a s s  bo t t l e s ,  and l e s s  ex t ens ive  and  l e s s  r ap id  in the r e f r i g e r a t e d  
s a m p l e s .  No effect  due to b a c t e r i a  was noted. S a m p l e s  exposed  to a i r  in  the 
l a b o r a t o r y  for l e s s  than  24 h a t t a ined  the s a m e  pH as  those  s t o r e d  in poly-  
e thy lene  bo t t l e s  for  about  600 clays. 

A n a l y s i s  of p r e c i p i t a t e s  and ac id  wash ings  of the bo t t l e s ,  toge the r  with 
the d i f f e rences  in pH change with type of bo t t le  and  t e m p e r a t u r e  du r ing  
s to rage ,  sugges t s  oxidat ion r e a c t i o n s  that a r e  t e m p e r a t u r e  dependent .  The  
po lye thy lene  bo t t l e s  a p p e a r  to " b r e a t h e , "  and  the changes  wi th in  the g l a s s  
bo t t l e s  a p p e a r  to be due to a i r  inc luded  in the s a m p l e s  at  the t i m e  of co l lec  
t ion.  H.F.  Young (pe r sona l  c o m m u n i c a t i o n ,  1961) i n t e r p r e t e d  the pH change 
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in samples that become more acid as due to oxidation of ferrous to ferric 
iron and hydrolysis of the ferric iron, and in those that become more basic 
to oxidation of sulphides to free sulphur. The precipitates and acid washings 
contained no concentration of minor elements. 

Our results indicate that unless pH measurements are made immedi- 
ately at the well site, they will be of little value. Even good measurements 
there may not be representative of formation conditions because of prior 
loss of gases and of salts from precipitation. This and the other factors 
discussed above will make interpretation of the geochemistry of subsurface 
waters and their relationships to the associated rocks exceedingly difficult. 

CONCLUSIONS 

(1)In o i l - f i e ld  wa te r ,  e l ements  a r e  commonly  p r e s e n t  in" concent ra t ions  
as  follows: 

% 
% or p .p .m.  
1004 p.p.m.  
1-100 p.p.m.  
p.p.b.  (most  w a t e r s )  
p.p.b.  (some w a t e r s )  

Na, C1 
Ca, SO4 
K, Sr 
A1, B, Ba, Fe ,  Li 
Cr ,  Cu, Mn, Ni, Sn, Ti ,  Z r  
Be,  Co, Ga, Ge, Pb, V, W 

(2)The median  content of to ta l  d i s so lved  so l ids  and of var ious  e lements  
v a r i e s  between a r e a s ,  in rocks  of di f ferent  ages  in the same  a r e a ,  and in 
di f ferent  p a r t s  of the same  format ion  in a s ingle  a r e a .  

(3)Except  for po tas s ium,  our data show no c l e a r  r e la t ionsh ip  between 
wa te r  composi t ion  and l i thology or age of the enclos ing  rock.  They suggest  
a r e l a t ionsh ip  between composi t ion  and sa l in i ty  of the water .  

(4)When computed to the common base  of 35 g/1 total  d i s so lved  so l ids ,  
Mn, Li, Cr ,  and usual ly  Sr a r e  p r e s e n t  in amounts  more  than five t imes  
the i r  content in seawate r ;  in con t ra s t ,  Sn, Ni, Mg, and K a re  commonly 
p r e sen t  in amounts  l e s s  than half  and, in some  a r e a s  or rocks ,  l e s s  than 
one-f i f th  that in sea  water .  

(5)In a s ingle  a r e a  or age of rocks ,  Si content  a p p e a r s  to vary  inve r se ly  
with the content of total  d i s so lved  so l ids .  

(6)Many fac to rs  make the compos i t ion  of s a m p l e s  co l lec ted  at  the s u r -  
face  n o n - r e p r e s e n t a t i v e  of v i rg in  w a t e r s  in the subsur face .  Consequently,  the 
i n t e rp re t a t i on  of the g e o c h e m i s t r y  of these  w a t e r s  and of the w a t e r - r o c k  
r e l a t ionsh ips  will  be difficult .  
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