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INTRODUCTION 

The permeability and poros i ty  of t h e  sedimentary rock i n  an o i l  f i e l d  a r e  respon- 
sible f o r  t h e  s torage,  de tec t ion  and migration of o i l  and gas. Previously,  i t  was 
bel ieved t h a t  these proper t ies  were not changed even i f  one or more of t h e  rock com- 
ponents, such as s i l i c a  clays, reacted with the  f l u i d s  used during o i l  recovery. 
However, we know now t h a t  this is n o t  completely v a l i d  s ince  the permeabi l i ty  can be 
a f fec ted  by t h e  t reatment  undergone by t h e  porous medium. These problems which or ig-  
i n a t e  from a l t e r a t i o n  phenomena should be invest igated minerologically and chemically 
i n  order  t o  understand the  phys ica l  equilibrium b'etween t h e  o i l  f i e l d  sha le ,  t h e  for- 
mation water, and t h e  o i l .  I f  the  chemical reac t ions  which can occur between the  
l i q u i d  used i n  the t reatment  and t h e  o i l  f i e l d  formation are not known or considered, 
and i f  the mineralogical  da ta  on t h e  deposi t  a r e  lacking,  a se r ious  waste of tlme and 
money can r e s u l t .  

An o i l  reservoi r  i s  genera l ly  found i n  sedimentary rocks such as conglomerates 
of sand, sandstone, c lays ,  limestone, and dolomites. We w i l l  d i scuss  t h e  propert ies  
of o i l  reservoirs  of t h e  s i l i c a t e  type, and, among them, t h e  c lay  types and those con- 
s i s t i n g  of sand mixed with swel lable  c lays  known as "sens i t ive  formations" which a r e  
found i n  the  surrounding area  of  an  o i l  f i e l d .  

I. O i l  recovery and chemical-mineralogical parameters, the  control  of 
which w i l l  allow an increase i n  o i l  recovery. 

The a l t e r a t i o n  of  s i l i c a t e  rocks by the  water of  invasion can be avoided or 
minimized by taking prevent ive measures aimed a t  cont ro l l ing  the cause. 

Extent of world o i l  recovery and estimated losses:  1 

O I L  RECOVERED 

O I L  REMAINING 

An appreciable  port ion of the  o i l  i s  not  recovered due t o  
t h e  lack  of chemical-mineralogical knowledge of t h e  formation 
and t o  t h e  damage caused by the  use of opera t iona l  prac t ices  
incompatible with the  impermeable s t r a t i  of c lay  such as :  
use of inadequate f l u i d s  t h a t  undergo adverse react ions 
with t h e  formation causing t h e  dispers ion of c l a y s ,  precipi-  
t a t i o n  o f  s a l t s  r e s u l t i n g  from chemical reac t ions ,  the 
d isso lu t ion  or hydration of the  cementing mater ia ls  of the 
gra ins ,  e tc .  
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11. Effect  of hydration of t h e  c lay  l a t t i c e .  

(a) 

The water molecule i s  a d ipole  with a pos i t ive  and negative center  of charge (see 
Figure 1). 
the  hydrogen atom i n  water i s  0 . 9 6 i  and the  HOH angle is 104.5". In  the c r y s t a l l i n e  
l a t t i c e  of s i l i c a t e s  t h e  molecule of water behaves a s  i f  it had two negative charges 
in t h e  corners of a te t rahedron which bond with meta l l ic  ions;  on t h e  other  s i d e  they 
bond to  oxygen atoms* (see Figures  l b  and 2 ) .  

The d is tance  between t h e  center  of gravi ty  of the oxygen atom and t h a t  of 

Figure 1. E l e c t r o s t a t i c  Bond Strength between the  

(3 -0 '\ r-- 

Nd 

clay and t h e  water table. 

a )  Water dipole .  

b )  Phenomenon of p o s i t i v e  ion binding between the  layers .  
of t h e  clay.  

Dis t r ibu t ion  of e l e c t r i c a l  charges. 

Swelling 
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111. Clay d i f f e r e n t a t i o n .  

Most of t h e  s i l i c a t e s  of t h e  so-cal led "layer" type a r e  character ized by s t ructu-  
r a l  similarities. The c r y s t a l s  belong t o  t h e  same symmetry group and show t h e  same 
type of geometric d i s t r i b u t i o n  of t h e  s t r u c t u r a l  elements such a s ,  f r example, the 
un i t  c e l l ,  which has  t h e  same symnetry and the  same r e l a t i o n  of  axes . From t h e  crys- 
ta l lographic  poin t  of view, the  s i l i c a t e s  of t h e  layer  type have the same number of 
i o n s  and t h e  same r e l a t i o n  for  t h e  r a d i i  of c a t i o n s  and anions. 

9 

The d i f fe rence  i n  t h e  s e n s i t i v i t y  towards a l t e r a t i o n  or hydration i s  caused by 
t h e  pressure due t o  ions of  isomorphic interchange placed i n  t h e  e x t e r i o r  of t h e  crys- 
t a l  l a t t i c e .  These ions act a s  a cement, binding the s t r u c t u r a l  u n i t s  by e l e c t r o s t a t i c  
forces, and a r e  d i r e c t l y  respons ib le  f o r  t h e  s t r u c t u r a l  compactness and hardness of 
t h e  rock. 

Clays of sedimentary o r i g i n ,  previously s i t u a t e d  i n  marine waters ,  a r e  formed of 
var ious types mixed i n  d i f f e r e n t  proport ions.  The most s e n s i t i v e  components of the 
c l a y s  a re  montmorillonite, i l l i t e  and t h e i r  mixtures. They c o n s t i t u t e  up t o  80% of 
the t o t a l  weight of the c l a y  rock and o f t e n  cause ser ious  problems during the  operat ion 
of t h e  o i l  f i e l d .  Due t o  t h e  presence of monovalent ions ,  these minerals e a s i l y  absorb 
w a t e r ,  the-base of the  conventional operat ing f l u i d s ,  and a s  a r e s u l t  they hydrate and 
disperse .  The f i r s t  s t e p  i n  t h e  c o l l o i d a l  dispers ion of  c lays  c o n s i s t s  of a reduction 
i n  t h e  bond s t rength  between hydrated s t r u c t u r a l  l ayers ,  and i n  t h e  second s t e p  they 
are separated and t h e  rock i s  dispersed.  This d i spers ion  is n o t  t h e  same for  every 
type oE clay.  

Generally, t h e  expandable c l a y s  a r e  present  i n  r e l a t i v e l y  small amounts and the 
problems of s t r u c t u r a l  expansion, t h e  so-called "swelling", a r e  not so alarming 
as people tend t o  bel ieve.  

Col loidal  d i spers ion  and t h e  migration of p a r t i c l e s ,  however, can be much more 
damaging because ser ious  problems can be caused by very small q u a n t i t i e s  of c lay .  
These p a r t i c l e s  of c lay d ispersed  i n  the  f l u x  channels a r e  eventual ly  deposited i n  a 
porous cons t r ic t ion ,  producing a col lapse.  

Lately, research has  focussed on mixed operat ional  f l u i d s  cons is t ing  of polymer 
and br ine,  which r e a c t  o n l y  s l i g h t l y  with t h e  rock. This  f l u i d  should be se lec ted  f o r  
the p a r t i c u l a r  condi t ions of t h e  o i l  f i e l d  such a s :  

1) 
2) chemical content  of  t h e  formation water; 
3)  pH of  t h e  water ,of  formation; 
4)  
5 )  t h e  unpredictable  r e a c t i o n s  " in  s i t u " ;  
6) t h e  e ros ive  a c t i o n  of t h e  f l u i d s ;  
7)  t h e  residehce t i m e  i n  t h e  "sensi t ive"  region. 

Recently it has been found3 t h a t  pressure and high temperature acce lera te  the  

chemical composition of t h e  formation; 

temperature and pressure  o f  the o i l  f i e l d ;  

e f f e c t s  Of t h e  c o l l o i d a l  d i spers ion  of c l a y s  (see Figure 3 ) .  Unfortunately it is  ra re  
for geochemical l a b o r a t o r i e s  t o  consider these parameters and t o  simulate the condi t ions 
of  t h e  o i l  f i e l d .  

Table 2 shows t h e  d i f f e r e n t i a t i o n  of c lays  by the presence of  the isomorphic inter-  
change ion, and Table 3 shows t h e  physical  c h a r a c t e r i s t i c s  of c l a y  formations when 
t h e r e  is an invasion of f r e s h  water .  
ication which a r e  encountered i n  p r a c t i c e  have c o t  been considered4,'. 

u n t i l  recent ly  t h i s  d i f f e r e n t i a t i o n  and c iass i f -  
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Figure 3. Effect  of pressure and temperature on the permeabili ty of t he  o i l  f i e l d  

(affected by c lays ) .  

Table I11 

class Charac te r i s t i c s  Clay Contents 

1 Soft  rock. It is  e a s i l y  d i s -  
persed i n  a - c o l l o i d  s t a t e .  

2 Soft  rock. It i s  r e l a t i v e l y  
e a s i l y  dispersed i n  a co l lo ida l  
s t a t e .  

3 Mediumsoft rock. I t  is mod- 
e r a t e l y  dispersed. Strong 
swelling. 

4 Medium-hard rock. L i t t l e  
co l lo ida l  dispersion. 
Medium swelling. 

5 Hard rock. N o  c o l l o i d a l  
dispers ion,  l i t t l e  swelling. 

High concentration of montmoril- 
l o n i t e .  Low concentration 
i l l i t e .  

Medium concentration montmoril- 
l on i t e .  High concentration of 
i l l i t e .  

High concentrat ions of i l l i t e  and 
c h l o r i t e .  

Medium concentration of i l l i t e  and 
c h l o r i t e .  

High concentration of i l l i t e .  
Medium concentration of ch lo r i t e .  
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IV. Chemical reactions of clays altered by the water of invasion. 

Colloidal dispersion and appearance cjf sand: 

(mSiO2. nsiOj2- H+)- + 2H+ + 20H- + H3Si04- 

IV.1. 

+ sio2 + H ~ O  

Colloidal Silica 
particle in water 

Colloidal Sand grains. 
Orthosilicate. 

A1 (H20)6 3+ + H20 -> A1 (OH)3. H20 + 3H30+ 

Gibbsite particle 
dissolved in water 

Colloidal aluminum hydroxide; 
when condensing, crystallizes 
as A1 (OH) 3. 

IV.2. Recrystallization of colloids by extracted water. 

H3Si04- - H20 -t H Si 0 ’- - H20 -f H6Si40134- . . . -H20 -t 
+ (H(n+2)Si 3n 0 (3n+l) 4- crystallization > (Si203(0H)2)n 

(Si203 

4 2 7  

2 5  

) 
+ (2Al (OH)3)n crystallization , A12/Si 0 (OH)4 t nH20 

IV.3. Effect of the water of injection on the clay. 

Case of injection of water: 
,Colloidal silica / H3Si0 

‘Colloidal A1 (OH) 3.H20 
\Sand Si02 

Clay + H 0- Aluminum hydroxide 

Case of extraction or transformation of water of injection Csedimentation 
of colloid, condensation). 

Clay of - H20 recrystallization > layer 
type. I Colloidal Silica 

Colloidal Aluminum 
hydroxide A1 (OH) 

V. Ionic treatment. 

This type of treatment consists of forcing an ionic interchange between monovalent 
ions and bivalent or trivalent ions in order to assure better coherence and resistance 
of the clay layers. 

We shall discuss the interchange between Na+ and Ca2+ ions making use of the 
isomorphic substitution phenomenon since both belong to the same isomorphic row in the 
periodic table and have similar electronegativities and coordination numbers from 6 to 
a. 

The substitution of Na+ ions by Ca2+ ions is desirable not only because of the 
better electrostatic interaction between the Ca2+ ions and the clay layers but also 
because of its chemical reactivity with respect to the swelling phenomenon and its 
reaction enthalpy in aqueous solutions. 
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The N a +  ions ,  p resent  because of t h e  isomorphic changes a t  t h e  c r y s t a l l i n e  alumi- 

+ Ca2+, t h e  Ca2+  ions a c t  as  a new binding agent 
num-silicate l a t t i c e  l e v e l ,  a r e  easi)y dissolved i n  f resh  water. 
morphic subs t i tu t ion  of t h e  type 2 N a  
between the c lay  layers ,  and its r e a c t i o n s  with water w i l l  be a l t e r e d .  L e t  us  com- 
pare  t h e  d isso lu t ion  of d i f f e r e n t  oxides i n  100 m l  of  f resh  water a t  2OoC (see Table 4) .  

I f  there  is an iso- 

, I  

Table IV 

S o l u b i l i t y  of oxides  i n  100 m l  water a t  2OoC 

Type of Oxide SiO,  Na,O K,O - C a O  MgO A1207  

insol .  65,700 76,700 151 0.89 inso l .  i n  mg. 

The low s o l u b i l i t y  Of CaO (151 mg CaO compared t o  65,700 mg Na202r6) causes an 
increase  i n  t h e  e l e c t r o s t a t i c  coherence between the  c l a y  layers  and ensures t h a t  the 
elements of e l e c t r o s t a t i c  coherence a r e  maintained i n  the  c r y s t a l  l a t t i c e .  

The technology of  the  proposed interchange w i l l  cons is t  of in jec t ion  Of calcium 
hydroxide Ca(OH)2 and, s ince  reac t ions  giving products of lower enthalpy a r e  favoured, 
CaC12 can be prec ip i ta ted  while a t  t h e  same t i n e  the  sodium t h a t  e x i s t s  between the 
c l a y  layers  is dissolved2. 
the  following: 

The reac t ions  which take place during t h i s  i n j e c t i o n  a re  

1) In jec t ion  i n  the  o i l  f i e l d  o f  t h e  so lu t ion  

Ca(OHI2 + 2NH4C1 -> CaC12 + 2NH OH 

Spontaneous d isso lu t ion  of sodium s a l t s  i n  ammonium hydroxide and subs t i tu t ion  
f o r  Ca2+ 

NaCl + NH40H -> NaOH + NH4C1. 

I f  co l lo ids  of t h e  s i l i c a t e  ac id  type a r e  present ,  t h e  reac t ions  can be a funct ion Of 

pH and enthalpy as follows: 

4 

2) 

3 )  Si(OH), + CaC12 + NaOH -> CaNa(Si0 ( O H ) )  + 2 H C 1  + H o 3 2 
Mineral P e c t o l i t e  

4) A 1 ( O H ) 3  + 3HC1 -> A1C13 + 3H20 

5) NH4C1 + H 2 0 ,  > H C 1  + NH40H 
IS neut ra l ized  

I f  reac t ions  1) and 2) take p lace  i n  aqueous so lu t ion ,  NaCl is subs t i tu ted  by the  pre- 
c i p i t a t e d  CaC12 and N a C l  d i f f u s e s  i n t o  the ammonium hydroxide. 

i S  determined by the reac t ion  enthalpy (see Table 5)6. 
CaC12 and NaC1, the preference f o r  forming hydroxides with N H 4 0 H  depends on the value 
Of which is g r e a t e r  f o r  NaOH. 116 

The react ion sequence 

Thus of the tx0 s a l t s  



Table V 

Enthalpies of Ionic Reactions 

J 

Type of Salt  AH^^^^ kcal/mol 
ca2+ c12- 190.60 

Na+ c1- 98.82 

(OH)- 235.60 

Na+ (OH); 101.96 

267.80 H: si0 

H: ,io:- 340.60 

2- 
3 

Conclusion 

In the commercial development of an oil field a chemical-mineralogical study should 
precede the engineering study. 
such as drilling, completion, and reconditioning is the damage to the oil producing 
formation due to the reduction of the permeability of the surroundings. 
can impede the detection of some hydrocarbons in an exploratory well, or diminish the 
productivity of a functioning well. 
affect the viability of secondary recovery operations. 

One of the problems encountered in o i l  field operations 

This damage 

Furthermore, the extent of damage will often 

The permeability and porosity of the oil field rocks are responsible for the 
storage and migration of oil and gas. The explanation of field problems should be 
searched for by chemical and mineralogical studies because it is easier to take preven- 
tive measures than to reestablish a damaged permeability by chemical treatment. 
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