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i Chapter 3 

1 KINETICS of WEATHERING and DlAGENESlS 

Robert A. Berner 

INTRODUCTION 

Most s o l i d  m a t e r i a l s  found near  t h e  su r f ace  of t he  e a r t h  a r e  no t  

thennodynamically s t a b l e  there .  Some outs tanding  examples a r e :  un- 

weathered igneous f e l d s p a r s ,  semi-amorphous "clay" ( ins tead  of well- 

c r y s t a l l i z e d  p h y l l o s i l i c a t e s ) ,  and f ine-grained goe th i t e  ( ins tead  of 

hemati te)  i n  s o i l s ,  and undecomposed organic  mat te r ,  a ragoni te  (in- 

s t e a d  o f  c a l c i t e ) ,  and opa l i ne  s i l i c a  ( i n s t ead  of quar tz )  i n  marine 

sediments. This  me t a s t ab i lL ty  a r i s e s  from fundamental causes which I 

a r e  phys i ca l ,  b i o l o g i c a l ,  and chemical i n  o r i g in .  F i r s t ,  igneous and 

metamorphic m ine ra l s ,  s t a b l e  only a t  e l eva t ed  temperatures,  a r e  car- 

r i e d  i n t o  t h e  zone of  weathering by such phys ica l  processes a s  u p l i f t  

and volcanism, and t h e  energy necessary f o r  t h i s  t o  occur i s  derived I 

from wi th in  t h e  e a r t h .  Second, because o f  an input  of  s o l a r  energy 

and i t s  t r app ing  by photosynthes i s ,  organisms a r e  a b l e  t o  b io log i ca l l y  

syn the s i ze  o rgan i c  ma t t e r  and o the r . uns t ab l e  substances such a s  ara- 

gon i t e  and o p a l i n e  s i l i c a .  F i n a l l y ,  dur ing  weathering and diagenesis  

l e s s  s t a b l e  m ine ra l s  can form because of chemical f a c t o r s  which br ing  

about t he  i n h i b i t i o n  of nuc lea t ion  and growth of  more s t a b l e  phases. 

The preponderance of m e t a s t a b i l i t y  nea r  t he  e a r t h ' s  su r f ace  is a 

d i r e c t  consequence of t h e  slowness of chemical r e ac t i on  r a t e s  a t  low 

temperatures.  Thus, k i n e t i c s  p lays  more of a l ead ing  r o l e  i n  e a r t h  

s u r f a c e  geochemistry than  i t  does a t  h igher  temperatures. Furthermore, 

we can s t udy  t h e  r a t e s  and mechanisms of  r e ac t i ons  by observing var ious  

s t a g e s  dur ing  r e a c t i o n  bo th  i n  t he  f i e l d  and i n  t he  labora tory .  The 

purpose of t h i s  chap t e r  i s  t o  show how s e v e r a l  d i f f e r e n t  aspec ts  of 

chemical  k ine t i&  can  b e  brought  t o  bear  on t h e  s tudy of two major 

e a r t h  s u r f a c e  processes :  weathering and d iagenes i s .  Before proceed- 

i ng  d i r e c t l y  t o  d i s cus s ions  of weathering and d iagenes i s ,  i t  i s  neces- 

s a r y  t o  p r e sen t  some fundamental k i n e t i c  concepts  which w i l l  enable t he  

r e a de r  t o  b e t t e r  understand t h e  d i scuss ions .  



I n  t h i s  paper we w i l l  be mainly 

concerned w i th  the  c r y s t a l l i z a t i o n  

and d i s s o l u t i o n  of minerals  from 

aqueous s o l u t i o n  and the  b a c t e r i a l  

decomposition of organic matter .  

Basic p r i n c i p l e s  con t ro l l i ng  these 

t h r ee  processes  a r e  presented i n  

t h i s  s e c t i o n .  Discussion is  based 

on the  fo l lowing  references which 

I may be consul ted  f o r  f u r t h e r  de- 
I 

t a i l s :  Nielsen (1964) and Ohara 

and Reid (19 73) f o r  c r y s t a l l i z a t i o n ,  
Figure 1. ?lor of k e e  energy o i  precipica- 
cion: AC, vs c ~ s c a l  s i z e  i l l ~ ~ c r a c -  nude- Berner (1978a) f o r  d i s so lu t i on ,  and 
a c i m  and growh. 3 e  free  energy change in- 
creases up co a -urn due co nucl-cion and Berner (1980) f o r  all th r ee  proces- 
chen decreases due :o crysta l  growh. The 
diagram is  for  a s a g l e  cryscal containing n SeS. 
acoms. ions or m l e c L e s .  Xoce :he etfec: of 
che degree of supersacuracioo 3 on che posi- 
t ion  of each curve. (Modified a f t e r  Xielsen, C r p ~ t a l l i Z a t i o n  
1969 ana Jerner, 1980) 

The c r y s t a l l i z a t i o n ,  o r  precip- 

i t a t i o n ,  o f  a s o l i d  substance from aqueous s o l u t i o n  can be divided i n t o  

n ~ o  processes :  nuc l ea t i on  and c r y s t a l  growth. Nucleation occurs  p r i o r  

t o  growth and d i s t i n c t i o n  between t he  two processes  can be made i n  terms 

of Figure 1. As a body p r e c i p i t a t i n g  from s o l u t i o n  begins t o  i nc r ea se  

i n  s i z e  ( o r  i n  t h e  number of atoms it inc ludes)  it encounters a f r e e  

energy b a r r i e r  t o  f u r t h e r  growth. This b a r r i e r  is  a consequence of the 

f a c t  t h a t  an i n t e r f a c e  between t h e  growing body and the  s o l u t i o n  forms, 

and t h i s  r e s u l t s  i n  an i nc r ea se  i n  f r e e  energy due t o  the  c r ea t i on  of 

t h e  i n t e r f a c e .  At small s i z e s  t h e  i n t e r f a c i a l  f r e e  energy dominates 

over  t h e  drop i n  f r e e  energy accompanying t h e  r e l i e f  of supersatura-  

t i o n ,  and a s  a r e s u l t  t h e r e  is  a ne t  f r e e  energy increase.  The f r e e  

energy i n c r e a s e s  up t o  a maximum where t he  i n t e r f a c i a l  and bulk terms 

balance one another .  At t h i s  po in t  the body i s  r e f e r r ed  t o  a s  t h e  

critical nucleus and t h e  process  leading up t he  f r e e  energy " h i l l "  is 

c a l l e d  nuc l ea t i on .  During nuc l ea t i on  t he  body is  r e f e r r ed  t o  a s  a 

c r y s t a l  embryo. 

Once t h e  c r i t i c a l  nucleus has formed, f u r t h e r  increase  i n  i ts  

s i z e  can t a k e  p l ace  spontaneously wi th  a n e t  decrease in f r e e  energy. 
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i mis process  is r e f e r r e d  t o  a s  c r y s t a l  growth and t h e  growing body is  

considered a t r u e  crystal. Growth land nuc l ea t i on  of o t h e r  c r y s t a l s )  

! continues u n t i l  enough ma te r i a l  is  removed from s o l u t i o n  t h a t  super- 

s a t u r a t i o n  i s  r e l i e v e d  and equi l ib r ium is a t t a i ned .  

A s  t he  degree of  supe r sa tu r a t i on  i s  increased ,  t h e  e a s e  of nuclea- 

t i o n  i s  increased .  This is  shown i n  F igure  1 b y  a decrease  i n  t he  s i z e  

I of t h e  c r i t i c a l  nucleus and a decrease  i n  t h e  f r e e  energy of nuc lea t ion ,  

AG* a s  t h e  degree of  supe r sa tu r a t i on  R is increased.  (The parameter R 

is def ined  a s  t h e  a c t u a l  i o n  a c t i v i t y  product  divided by t h e  equil ibr ium 

o r  s o l u b i l i t y  product . )  The r a t e  of nuc l ea t i on  is  a s t r ong  exponential  

f unc t i on  of t h e  f r e e  energy of nuc lea t ion ;  consequently, a t  high R 

values  nuc l ea t i on  i s  very  f a s t .  Since nuc lea t ion  and growth compete 

f o r  d i s so lved  m a t e r i a l ,  a t  high degrees of supe r sa tu r a t i on  t h e  r a t e  

of nuc l ea t i on  may b e  s o  f a s t  t h a t  most of t he  excess s o l u t e  Is pre- 

c i p i t a t e d  i n  t h e  form of c r i t i c a l  nuc l e i  with l i t t l e  l e f t  over  f o r  

growth. Since c r i t i c a l  n u c l e i  a r e  commonly i n  t h e  s i z e  range 10-100 1, 
such rap id  c r y s t a l l i z a t i o n  can r e s u l t  i n  t h e  formation of  a very  f i n e  

gra ined  p r e c i p i t a t e .  I n  t h i s  way the  formation o f  poorly c r y s t a l l i z e d  

minera l s  i n  n a t u r e  and i n  t he  l abo ra to ry  can be, explained.  A common 

example i s  t h e  reddish  ge la t inous  p r e c i p i t a t e  of Fe(0H)3 obtained by 

t h e  mixing of  concent ra ted  so lu t i ons  of  f e r r i c  ch lo r i de  and sodium 

hydroxide i n  t he  l abo ra to ry .  

Low l e v e l s  of supe r sa tu r a t i on ,  by c o n t r a s t ,  can r e s u l t  i n  good 

c r y s t a l l i n i t y .  This  comes about because t he  nuc lea t ion  r a t e  is  so  slow 

t h a t  most excess  d i s so lved  m a t e r i a l  is  consumed by c r y s t a l  growth on a 

l i m i t e d  number of  c r i t i c a l  nuc l e i .  ?lost rhinerals which e x h i b i t  some 

degree of c r y s t a l l i n i t y  from t h e i r  x-ray d i f f r a c t i o n  p a t t e r n s  f a l l  i n  

t h i s  category.  Thus, t h e  r e s t  of the  d i scuss ion  of c r y s t a l l i z a t i o n  

w i l l  b e  devoted t o  c r y s t a l  growth. 

C rys t a l  growth involves t h e  t r an spo r t  of  d i sso lved  spec i e s  t o  and 

from t h e  s u r f a c e  o f  a c r y s t a l  and var ious  chemical r e ac t i ons  occur r ing  
6 

a t  t h e  su r f ace .  The l a t t e r  inc ludes  adsorpt ion,  i o n  exchange, dehydra- 

t i o n  of  i ons ,  formation of  two-dimensional nuc l e i  on t h e  su r f ace ,  dif- 

f u s i o n  a long  t h e  su r f ace ,  i o n  p a i r  formation, e t c .  The r a t e  of growth 

is  l i m i t e d  by t h e  s lowes t  s t e p  w i th in  a whole chain of p rocesses  and 

t h e  n a t u r e  of  t h e  r a t e - l im i t i ng  s t e p  i s  no t  usual ly known. However, 

a s  a f i r s t  approximation, t h e  r a t e  of c r y s t a l  growth can be  



(a) Transpor: conaol  .. 
(b) Surface reaccion cclcral 
(c) .Xixed cransporc urc %-face 

reaccion conrrol 

O r+ O I+ O r+ -- 
. -. 

Figure 2. Schemaric represencadon of concencracion in solucion C as a function of radial 
distance r. f r m  che surface of a p o u i n g  cryscal. Cq - sacuracion concencracioo. t - 
concenaacion ouc in solucion. (After Berne:, 1980) 

c h a r a c t e r i z e d  a s  being c o n t r o l l e d  e i t h e r  by t r a n s p o r t  of  i o n s  t o  t h e  - .  

s u r f a c e  ( t r a n s p o r t - c o n t r o l l e d ) ,  by r e a c t i o n s  a t  t h e  s u r f a c e  (surface-  

r e a c t i o n  c o n t r o l l e d ) ,  o r  by a  combination of  bo th  processes .  A com- .-. 
. -. .-. -. 
. ..-- .. . . 

p a r i s o n  of t h e  t h r e e  mechanisms is  shown i n  F i g u r e  2.  .. - - . . 
. . . . . - I n  pure  t r a n s p o r t - c o n t r o l l e d  growth (Fig.  2-a) i o n s  (atoms, mole- 
. . 

c u l e s )  a r e  added t o  t h e  s u r f a c e  of t h e  c r y s t a l  s o  r a p i d l y  t h a t  migra- .- 

t i o n  of i o n s  i n  s o l u t i o n  t o  t a k e  t h e i r  p l a c e  cannot  keep pace. A s  a  - 
r e s u l t  c o n c e n t r a t i o n s  i n  s o l u t i o n  a d j a c e n t  t o  t h e  c r y s t a l  s u r f a c e  f a l l  _- - 
u n t i l  they  almost  reach t h e  equ i l ib r ium o r  s a t u r a t i o n  l e v e l .  Fur ther  

... 
growth i s  l i m i t e d  by t h e  r a t e  a t  which a d d i t i o n a l  i o n s  can be  t rans-  

.-. . . 

p o r t e d  t o  t h e  c r y s t a l  s u r f a c e  and t h e  s l o w e s t  p rocess  is t h a t  of molec- --:- 

u l a r  ( i o n i c )  d i f f u s i o n .  Transpor t  t o  t h e  s u r f a c e  can be  a c c e l e r a t e d  by , 
bulk  flow of  s o l u t i o n  p a s t  t h e  growing c r y s t a l  o r  by s t i r r i n g .  Thus, 

t r a n s p o r t - c o n t r o l l e d  growth is  a  s t r o n g  f u n c t i o n  of t h e  hydrodynamic 

s t a t e  of t h e  s o l u t i o n .  
. .. .- 

I n  pure  s u r f a c e - r e a c t i o n  c o n t r o l l e d  growth (Fig.  2-b) i o n  a t t a c h -  

ment t o  t h e  s u r f a c e  i s  s o  s low t h a t  replenishment  of i o n s  i n  s o l u t i o n  

n e a r  t h e  s u r f a c e  i s  e a s i l y  accomplished by molecular  d i f f u s i o n  and o t h e r  

t r a n s p o r t  p rocesses .  Concentrat ions i n  t h e  near - sur face  zone a r e  l i t t l e  

d i f f e r e n t  t h a n  those  i n  t h e  bu lk  s o l u t i o n ,  and growth r a t e  i s  n o t  a f -  

f e c t e d  by t h e  hydrodynamic s t a t e  of  t h e  s o l u t i o n .  

I n t e r m e d i a t e  s i t u a t i o n s  (Fig.  2-12) a r i s e  where i o n  at tachment  i s  

s u f f i c i e n t l y  r a p i d  t h a t  concent ra t ions  i n  t h e  near-surface r e g i o n  a r e  

lower than  they  a r e  i n  t h e  b u l k  s o l u t i o n  b u t  n o t  r a p i d  enough t o  b r ing  

about a  lowering t o  t h e  s a t u r a t i o n  value.  In t h i s  c a s e  t h e  r a t e  of 

growth i s  c o n t r o l l e d  by both t r a n s p o r t  and s u r f a c e  reac t ions .  



Discernment of whether t he  r a t e  of c r y s t a l  growth of a  given 

mine ra l  i s  c o n t r o l l e d  by t r an spo r t  o r  sur face- reac t ion  can be accom- 

p l i shed  by comparing measured r a t e s  of growth (from labora tory  experi- 

ments o r ,  p re fe rab ly ,  from f i e l d  methods) wi th  those ca lcu la ted  f o r  

grcwth v i a  molecular  d i f fu s ion .  Moiecular d i f f u s i o n  is t he  s lowest  

process by which c r y s t a l s  can grow and s t i l l  have t h e i r  r a t e  control-  

l ed  by t r an spo r t .  F a s t e r  measured r a t e s  i n d i c a t e  (advect ive)  t rans-  

port  c m t r o l  whereas s lower measured r a t e s  po in t  t o  cont ro l  by su r f ace  

chemical r e ac t i ons .  Ca lcu la t ion  of t he  approximate r a t e  o f  growth v i a  

molecular d i f f u s i o n  is  normally done us ing  t h e  expression (Nielsen,  

1964) : 

where: r = average  r ad iu s  of t h e  c r y s t a l s ,  

v  = molar volume of  t h e  c r y s t a l l i n e  substance,  

Ds 
= c o e f f i c i e n t  of  molecular d i f f u s i o n  i n  aqueous so lu t i on ,  

COD = concen t r a t i on  i n  s o l u t i o n  away from t h e  c r y s t a l  su r f ace ,  

C = equ i l i b r i um concent ra t ion  ad jacent  t o  the  c r y s t a l  su r f ace ,  
eq 

t = t ime.  

For cons tan t  COJ ( app rop r i a t e  t o  an open system),  equat ion (1) can be 

i n t e g r a t e d  t o  : 
1 
2 

r = [2vDs(CW-C ) t ]  
eq 

(Note t h a t  equa t ions  (1) and ( 2 )  a r e  most co r r ec t  when applied t o  equi- 

s i z e d ,  equidimensional  (i.e., cubes, sphe re s ,  e t c . )  c r y s t a l s  separa ted  

by a t  l e a s t  f i v e  d iameters . )  

Other ways of  deducing o v e r a l l  growth mechanisms a r e  through t he  

use of d i f f e r e n t  temperatures and d i f f e r e n t  s t i r r i c g  r a t e s  i n  labora tory  

c r y s t a l l i z a t i o n  experiments. A s t r onge r  temperature dependence than 

t h a t  p r ed i c t ed  f o r  aqueous d i f fus ion-cont ro l led  growth i nd i ca t e s  a  

su r f a c e - r eac t i on  mechanism whereas a  dependence on s:irring r a t e ,  a s  
? 

discussed  above, i n d i c a t e s  t r an spo r t  con t ro l .  

Actual  mechanisms of fe red  t o  exp l a in  sur face- reac t ion  cont ro l led  

growth a r e  va r i ed  and numerous. The two most commonly c i t e d  ones a r e  

s u r f a c e  nuc l ea t i on  con t ro l  and d i s l o c a t i o n  cont ro l .  I n  t h e  former, 

r a t e s  of i o n  at tachment  a r e  l im i t ed  by t h e  r a t e  a t  which a new CJo- 



- - - 
RC- 

dimensional  nucleus is  formed on an :% 
SURFACE 
NUCLEUS o therwise  a tomica l ly  f l a t  c r y s t a l  - - -- 

face .  The new nucleus i s  needed t o  2. - - 
provide un i t -ce l l - s ized  s t e p s  and -2- - - 
kinks on t h e  s u r f a c e  which a r e  

e n e r g e t i c a l l y  favored p o i n t s  of 
- 

at tachment .  This  is  shown i n  

F igure  3. I n  d i s loca t ion-cont ro l led  15 - - 
growth, b u i l t - i n  s t e p s  and k inks  a r e  -7 

provided by t h e  i n t e r s e c t i o n  of screw : 

Pinure 3. Idealized remresentation of the sur- with the crysta1 sur- 
.- 

face of a crystal.  Dinension d represents one 
atom, molecule, unrc ce l l .  ecc. On che f la t  face' By this mechanism the 
crvscal surf ace a "cvo-dimensional" surface nu- 

- - 
clevs i s  oresent which exhibits moo-acomic surface is already 
steps and kinks. (After Serner, 1980) 

- . -.= 
provided by d i s l o c a t i o n  ou tc rops  - -- -. 

and growth s p i r a l s  emanating from them, and, a s  a r e s u l t ,  growth may . .- .. - . .- - . - . - .- 

occur  a t  very low degrees of  s u p e r s a t u r a t i o n .  Although d i s l o c a t i o n -  

c o n t r o l l e d  growth has been s t u d i e d  cons iderab ly ,  f u r t h e r  d i s c u s s i o n  is  - 
. . .. 

beyond t h e  scope of  t h i s  paper ,  and t h e  r e a d e r  is  r e f e r r e d  t o  t h e  book 
.--. 

by Ohara and Reid (1973) o r  t h e  c l a s s i c  work of Burton, Cabrera and .- ... -- 

Frank (1951) f o r  a d d i t i o n a l  d e t a i l s .  .- 

An important  process ,  s o  f a r  unmentioned, which can apprec iab ly  - .,.. . 
a f f e c t  t h e  r a t e  of growth (and n u c l e a t i o n )  of  c r y s t a l s  from aqueous 

. ..- 
s o l u t i o n ,  is  t h e  adsorp t ion  of  ions ,  molecules, e t c . ,  from s o l u t i o n  

on to  t h e  c r y s t a l  s u r f a c e  ( s e e  Chapter 1 ) .  N a t u r a l  wate rs  con ta in  many 

d i s s o l v e d  c o n s t i t u e n t s  which r e a d i l y  adsorb on to  growing c r y s t a l s ,  and 

some of t h e s e  can s e r v e  a s  growth i n h i b i t o r s .  I f  normally a v a i l a b l e  - - 

growth s i t e s ,  such a s  kinks,  a r e  blocked by s t r o n g l y  adsorbed i o n s ,  

then o v e r a l l  r a t e s  of growth can b e  g r e a t l y  diminished. Also, p re f -  

e r e n t i a l  adsorp t ion  of such "poisons" onto c e r t a i n  c r y s t a l  f a c e s  can 

- r e s u l t  i n  t h e  d e c e l e r a t i o n  o f  t h e i r  growth and a consequent a l t e r a t i o n  

i n  c r y s t a l  h a b i t .  Octahedral  h a l i t e  grown i n  t h e  presence of u r e a  is  

a c l a s s i c a l  example. The adsorp t ion  of  i n h i b i t o r s  can s o  a l t e r  growth 

r a t e s  t h a t  normal r a t e  dependences on s u p e r s a t u r a t i o n ,  a s  given f o r  

example by t h e  usua l  models f o r  d i s l o c a t i o n - c o n t r o l l e d  growth (Burton 

et al. , 19511, a r e  no t  obeyed (e.g., s e e  Ohara and Reid, 1973). 



Dissolut ion 

Like c r y s t a l l i z a t i o n  t he  o v e r a l l  process of d i s so lu t i on  of  s o l i d s  

an aqueous s o l u t i o n  is  cont ro l led  e i t h e r  by t r anspo r t  o r  by su r f ace  

chemical r eac t i ons .  The c l a s s i f i c a t i o n  scheme shown i n  Figure 2 can 

a l so  be appl ied  t o  d i s so lu t i on  with t h e  only d i f f e r ence  being t h a t  

concent ra t ions  ad j acen t  t o  t h e  c r y s t a l  sur face ,  f o r  t ransport-control-  

led d i s s o l u t i o n ,  a r e  h igher  than they a r e  i n  t h e  bulk so lu t i on .  Ob- 

visouly,  d i s s o l u t i o n  occurs only wnere undersaturat ion of  t h e  bulk 

so lu t i on  i s  p r e s e n t ,  i n  o t h e r  words, where R < 1. 

Methods f o r  t h e  discernment of t he  ra te -cont ro l l ing  mechanism of 

d i s s o l u t i o n  a r e  s i m i l a r  t o  those f o r  c r y s t a l l i z a t i o n .  The r a t e  of d i f -  

fusion-control led d i s s o l u t i o n  can a l s o  be  obcained from equation (1) .  

Note i n  t h i s  c a se  t h a t  d r  / d t  is negat ive  because C i s  g r e a t e r  than 
C eq 

Cm. Comparison of  measured r a t e s  of d i s so lu t i on  with t h a t  ca lcu la ted  

f o r  d i f f u s i o n  c o n t r o l ,  v i a  equation ( I ) ,  enables e luc ida t i on  of  t he  

o v e r a l l  r a t e - con t ro l l i ng  mechanism. Determination of t h e  e f f e c t s  of 

temperature v a r i a t i o n  and s t i r r i n g  i n  t he  labora tory  can a l s o  be  used 

f o r  t h e  same purpose. 

D i s so lu t i on  i s  d i s s i m i l a r  t o  c r y s t a l l i z a t i o n  i n  one important 

respec t .  It is t h a t  three-dimensional nuc lea t ion  is  not  necessary i n  

d i s so lu t i on  s i n c e  t h e  d isso lv ing  c r y s t a l s  a r e  a l ready  present .  I n  

f a c t ,  observa t ions  of pa r t i a l l y -d i s so lved  c r y s t a l s  can be used a s  an 

add i t i ona l  method f o r  deducing t h e  d i s so lu t i on  ra te -cont ro l l ing  mech- 

anism. I n  t h e  case  of r a t e  cont ro l  by su r f ace  r eac t i on ,  slow p a r t i a l  

d i s so lu t i on  of t h e  s u r f a c e  r e s u l t s  i n  t h e  formation of c ry s t a l l o -  

graphica l ly  c o n t r o l l e d  f ea tu re s ,  such a s  l a rge ,  well-developed e t ch  

p i t s .  This  a r i s e s  from t h e  f a c t  t h a t  major d i s so lu t i on  o r i g i n a t e s  

only a t  p o i n t s  of excess energy on t h e  su r f ace  such a s  d i s loca t i on  

outcrops.  I n  t h e  ca se  of t ranspor t -cont ro l led  d i s so lu t i on ,  a t t a c k  

of t h e  s u r f a c e  is  s o  r ap id  and non-specif ic  t h a t  e tch ing  occurs vir- 

t u a l l y  eve rywh~re ,  and, a s  a  consequence, oniy genera l  rounding re- 

sults. A comparison of  morphological f ea tu r e s  produced by each 

mechanism f o r  t he  same mineral ,  c a l c i t e ,  i s  shown i n  Figure 4. 

A s  i n  t h e  c a s e  of c r y s t a l l i z a t i o n ,  r a t e s  of d i s so lu t i on  a r e  Con- 

s i de rab ly  a f f e c t e d  by t h e  presence of adsorbed i n h i b i t o r s .  Such in- 

h i b i t i o n  l eads  t o  sur face- reac t ion  cont ro l led  d i s so lu t i on  whose r a t e  



Figure 4 .  Eleczron photondcrograpisoi c a l c i t e  vnich has undergone part ia l  disaolucion In 
seawater (X4000) 

(a) Transpars controlled disaolutlon: ?K - 3.9. Xote general rounding. 
(b) Surface reaction controlled dlssolucion; pii - 6.0. Xoce angular. c r y s t a l l o g r a p h i d l y  

controlled etch features. 

(After Berner, 1978a, 1980 and Berner and Morse, 1974) 

dependence on t h e  degree of undersa tura t ion  i s  much g r ea t e r  than t h a t  

p r ed i c t ed  by commonly adopted t heo r i e s .  For example, the  work of Morse 

(1978) and Keir  (1980) ha s  shown t h a t  c a l c i t e ,  under earth-surface con- 

d i t i o n s  d i s so lve s  i n  seawater  a t  a r a t e  t h a t  i s  proportional. t o  the  

fou r th  o r  f i f t h  power of t h e  concent ra t ion  d i f f e r ence  (C -COD). (COW 
eq 

pa r e  wi th  equa t ion  ( I ) . )  This  high-order k i n e t i c s  i s  bel ieved t o  be 

caused by t h e  adsorp t ion  of d i s so lu t i on - inh ib i t i ng  phosphate ions onto 

t h e  c a l c i t e  s u r f a c e  (Berner and Morse, 1974; Morse and Berner, 1979). 

Organic Matter  Decomposition 

Organic ma t t e r  decomposition is d iscussed  i n  t h e  presen t  paper 

because it  e x e r t s  a major c o n t r o l  on t he  chemistry and au th igenic  

mineralogy of sha l lowly  bu r i ed  sediments. Rate laws f o r  t h e  decompo- 

s i t i o n  of o rganic  mat te r  i n  sediments have not  been we l l  e s t ab l i shed .  

The model used h e r e  is t h a t  which I have used before  (Berner, 1974; 

1980). I n  i t ,  i t  i s  assumed t h a t  t he  o v e r a l l  process of o rganic  



decomposition (which includes a number of i nd iv idua l  microbial  s t e p s )  

EO C02 and o t h e r  simple inorganic  molecules,  is f i r s t  o rder  with respec t  

t o  t he  i n i t i a l  polymeric ma te r i a l  undergoing decomposition. I n  o the r  

I words : 

where: G = concent ra t ion  of organic  carbon undergoing decomposition 

(not  t o t a l  o rganic  carbon) ,  

k = f i r s t - o r d e r  r a t e  cons tan t ,  

t = time. 

The parameter G represents  t h a t  f r a c t i o n  of t h e  t o t a l  organic 

mat te r  a c t u a l l y  undergoing decomposition a t  any given time. The reac- 

t i v i t y ,  o r  k v a l u e ,  of organic  compounds (i. e .  , metabolizabil iky) v a r i e s  

g r e a t l y  and t h i s  i s  r e f l e c t e d  by l ~ r g e  va r i a t i ons  i n  k from sediment t o  

sediment and w i t h  depth i n  a s i n g l e  sediment (Toth and Lerman, 1977; 

,Berner,  1978b; 1980; Jorgensen, 1978). To t a l  organic  carbon a t  t he  

time of depos i t i on  is divided i n t o  var ious  f r a c t i o n s ,  Ga, GB, e t c . ,  

according t o  t h e i r  r e a c t i v i t y  o r  k value.  Af te r  depos i t ion  t he  most 

r e a c t i v e  compounds a r e  destroyed f i r s t  (G ) ,  followed by t he  next  most a 
r e a c t i v e  compounds (G ) , and so  fo r th .  As a r e s u l t ,  sediments buried 

B 
a t  slow r a t e s  con t a in  only t he  l e s s  r e a c t i v e  organic compounds s ince  

t h e  more r e a c t i v e  ones a r e  destroyed a t  t h e  sediment-water i n t e r f ace .  

For each o rgan i c  f r a c t i o n  des igna ted  a s  G t he  value of k v a r i e s  

w i th  the  process  of decomposition. Organic mat te r  i n  sediments is 

destroyed (microbia l ly)  by a v a r i e t y  of oxid iz ing  agents  i n  a d e f i n i t e  

success ion  ( e . 9 .  , Claypool and Kaplan, 1974).  Dissolved oxygen is f i r s t  

used u n t i l  i t  is e n t i r e l y  consumed, then  d isso lved  n i t r a t e  u n t i l  i t  is 

a l l  gone, and then  dissolved s u l f a t e .  Once a l l  s u l f a t e  is  used up 

t h e r e  a r e  no more inorganic  oxid iz ing  agents ,  and some of the organic  

carbon then appears  a s  methane. Because of d i f f e r ences  i n  f r e e  ener,Dy 

y i e l d s  and metabol ic  pathways, decomposition of the  same organic con- 
C 

pounds by each o f  these  processes can r e s u l t  i n  a d i f f e r e n t  va lue  of 

k i n  each case.  
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The a p p l i c a t i o n  of  chemical k i n e t i c s  t o  weathering is a r e l a t i v e l y  -.z 
. / 

recent  phenomenon. Most t h e o r e t i c a l  t rea tments  of  weathering have been -=: 
e 

i n  terms of equi l ib r ium o r  i r r e v e r s i b l e ,  quasi-equil ibr ium models - -- .. -. .- 

(Helgeson et al., 1969; F r i t z ,  1475; Gac et d., 1978; Tardy et a;., 

1974; F o u i l l a c  et al., 1977; Lindsay, 1979). One of  t h e  f i r s t  workers 

t o  apply t r u e  chemical k i n e t i c s  t o  weathering problems was Wollast 

(1967), who described t h e  results of experiments in which ground K- 

f e l d s p a r  was placed i n  buf fe red  aqueous s o l u t i o n s  and t he  r e l e a s e  o f  

s i l i c a  w i th  t ime was measured. Wollast found t h a t  t h e  r a t e  o f  add i t i on  

of s i l i c a  t o  so lu t i on  decreased wi th  time and h e  explained t h i s  decrease  

i n  terms of t h e  formation of  a p ro t ec t i ve  l a y e r  of aluminous p r e c i p i t a t e  

on t h e  s u r f a c e  of t h e  f e ld spa r .  The r a t e  of  d i s s o l u t i o n  was assumed t o  

be  con t ro l l ed  by t h e  r a t e  a t  which s i l i c a  and c a t i o n s  could d i f f u s e  

through t h e  su r f ace  l aye r .  Calculat ions based on a d i f f u s i o n  model, % - - 
which is s i m i l a r  t o  t h a t  o f t e n  used t o  descr ibe  t h e  p ro t ec t i ve  cor- - 

- - - - 
I r o s i on  o f  meta l s ,  r e s u l t e d  in ca lcu la ted  d i f f u s i o n  c o e f f i c i e n t s  D which --- 

a r e  of  t h e  same order  of magnitude,as  expected f o r  s o l i d  d i f f u s i o n  - - 
.- . 

( 1 0 - l ~  t o  cm2sec1). 
L.' -- 
--.; 

. - 
Subsequent workers (Helgeson, 1971; PaEes, 1973; Busenberg and .- - - 

-Z - Clemency, 1976) have expanded on t h e  Wollast model and have suggested + 
'.- 

t h a t  t h e  r e l e a s e  of  s i l i c a  and ca t ions  from a l k a l i  f e l d spa r s  can  be  - 
descr ibed  i n  terms of  "parabol ic  k ine t i c s "  where t h e  concent ra t ion  i n  

- - 

s o l u t i o n  b u i l d s  up i n  d i r e c t  proport ion t o  t he  square  roo t  of time. 

The p r o t e c t i v e  su r f ace  l a y e r  i s  presumed t o  be  e i t h e r  a p r e c i p i t a t e  

of  aluminum hydroxide and/or  c lay  minerals ,  o r  "feldspar" i n  which t h e  

c a t i o n s  have been replaced by hydrogen (o r  hydronium) ions. 

The concepts  of pa r abo l i c  k i n e t i c s  and a p r o t e c t i v e  su r f ace  l a y e r  

formed on a l k a l i  f e l d spa r  during weathering have been t e s t e d  by subse- 

quent work ( ~ e t r o v i E  et aZ., 1976; PetroviE, 1976; Holdren and Berner, 

1979; Berner and Holdren, 1979). I n  t h e  s t u d i e s  of Pe t rov i6  et aZ. and 

Holdren and Berner, ground s an id ine  and a l b i t e  were subjec ted  t o  leaching  

by aqueous so lu t i ons  in t h e  labora tory  under condi t ions  e s s e n t i a l l y  

i d e n t i c a l  t o  t hose  employed by Wollast.  Pa r abo l i c  r e l e a se  of  s i l i c a  

was found, b u t  unexpectedly, t h e  sur faces  of  t he  r e ac t ed  f e l d s p a r  

g r a in s  were no t  found t o  be  a l t e r e d  in  any way. The Wollast model 



an a l t e r e d  su r f ace  of s e v e r a l  hundred h g s t r 6 m s  th ickness ,  but ,  

j using x-ray photoe lec t ron  spectroscopy (XF'S), we found t h a t  no a l t e r a -  

: t i o n  product  any t h i c k e r  than about 5-15 1 could be p r e sen t  on t he  feld-  

spar  sur face .  I n  a d d i t i o n ,  we found t h a t  t h e  parabol ic  k i n e t i c s  could 

no t  be reproduced i f  t he  ground f e l d s p a r  g r a in s  used f o r  experimentation 

s e r e  f i r s t  t r e a t e d  w i t h  HF t o  remove u l t r a f i n e  and s t r a i n e d  p a r t i c l e s  

produced by gr inding .  This is shown i n  Figure 5. We obtained only 

l i n e a r  k i n e t i c s ,  o r  a  cons tan t  r a t e  of r e l e a s e  of s i l i c a  t o  so lu t i on  

with t ime,  wi th  HF-treated mater ia l .  We be l i eve  t h a t  t he  "parabolic" 

k i n e t i c s  obtained by o t h e r  workers is t h e  r e s u l t  of varying r a t e s  of 

d i s s o l u t i o n  of p a r t i c l e s  produced during grinding.  Very f i n e ,  sub- 

micron-sized p a r t i c l e s ,  a s  w e l l  a s  s t r a i n e d  regions on l a r g e r  p a r t i c l e s ,  

because of excess s u r f a c e  f r e e  energy, should d i s so lve  more r ap id ly  

than t h e  l a r g e r  g r a in s .  I n i t i a l  s i l i c a  re lease ,  t he r e fo re ,  should be 

f a s t e r  due t o  p r e f e r e n t i a l  d i s s o l u t i o n o f  the  f i n e  p a r t i c l e s ,  and 

dece l e r a t i on  wi th  time should occur a s  t h e  p a r t i c l e s  a r e  consumed. 

We - a c r u a l l y  observed disappearance of rhe se  p a r t i c l e s  dur ing  dissolu-  

t i on .  From our r e s u l t s  we conclude t h a t  f e ld spa r  d i s so lves  i n  t he  

l abo ra to ry  according t o  l i n e a r  k i n e t i c s  and does not  produce an a l t e r e d  

su r f ace  l aye r .  Pa rabo l i c  k i n e r i c s  is most l i k e l y  an experimental  a r t i -  

f a c t  due t o  grinding.  

Our l abo ra to ry  r e s u l t s  a r e  e s s s e n t i a l l y  v e r i f i e d  from s t u d i e s  of 

f e l d s p a r  gra ins  taken from s o i l s  (Berner and Holdren, 1979). Under t h e  

scanning e l e c t r o n  microscope (SEM) we found c l ay  adhering t o  the  sur- 

f ace s  of f e ld spa r  g r a i n s ,  but  t h i s  c l ay  could not  have been p ro t ec t i ve  

i n  t h e  s ense  envisioned by Wollast (1967). Shrinkage, upon drying 

(Fig. 6) shows t h a t  t h e  c l ay  is h ighly  hydrous and no t  l i k e l y  t o  be 

p ro t ec r ive .  (Typical  d i f f u s i o n  c o e f f i c i e n t s  i n  hydrous c l ay  average 

about cm2sec-l, no t  lo-15 t o  lo-" cm2sec-I a s  requi red  by t h e  

p r o t e c t i v e  l a y e r  model.) Also, i n  most s o i l s  s tudied  t h e  c lay  does no t  

adhere  s t rong ly  (as would be expected i f  i t  were p ro t ec t i ve )  s i n c e  it 

can be removedSby u l t r a s o n i c  cleaning.  F i n a l l y ,  examination of t h e  

su r f aces  of u l t r a s o n i c a l l y  cleaned f e l d s p a r  g r a in s  by XF'S indica ted  a 

s u r f a c e  composition i n  t he  outermost few t ens  of h g s t r 6 m s  e s s e n t i a l l y  

i d e n t i c a l  t o  g r a in  i n t e r i o r s .  No c a t i o n  dep l e t i on  o r  aluminum enrich- 

ment, a s  expected f o r  an a l t e r e d  s u r f a c e  l a y e r ,  was found. 
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Figure 5 .  Effect of  sample preparatiun on c!~a dissolutiun behavior of  a l b i t e  feldspar. 
Albite grains. shovo in S a  photondcmgraphe uera (a) m u e a t e d  and (b) BPatched. after 
grirtdirtg. Each s i l i c a  p lot  is  for macerisl pictured abme it. (Adapted from Bcrner and 
Holdrm. 1979) . 



Figure 6. S M  phocdc rograpb  of a s o i l  Figure 7. SE4 photosicrograpb of a feld- 
feldspar gra in  shoving chat clay adhering spar grain ( u l t r a s o n i d l y  deaued co re- 
co chc fa ldspar  surface  a f t e r  u l c ra sodc  mve clay) taken fron a lacer ic ic  s o i l  
clannlng has cmt rac t ed  and separsced near Piednmc. I.C.. U S A .  Noce pro- 
frcm the  surface upon drping ( s m  crack minent prismatic etch p i t s .  (After Ber- 
b centar  of phoromicmpaph). S6mple nor. 19781; and k r r  and Soldren. 1979) 
from a gray-brown podrolic so i l .  Sangre 
da Crisco .Mamarains. Nnr .xedco. (After 
Bemer. 1978a and Bernar and Holdren. 
1979) 

If f e l d s p a r  d i s s o l u t i o n  dur ing  weathering i s  not  cont ro l led  by 

d i f f u s i o n  through a p r o t e c t i v e  su r f ace  l aye r ,  then how does i t  d isso lve?  

.We f e e l ,  a long w i th  Aagaard and Helgeson (1981) and Dibble and T i l l e r  

(1981), t h a t  t h e  l i m i t i n g  s t e p  i n  d i s so lu t i on  i s  n o t  d i f fu s ion  bu t  

chemical r e a c t i o n  a t  t h e  feldspar-water i n t e r f ace .  Proof of t h i s  i s  

provided by SEM observa t ions  of u l t r a s o n i c a l l y  cleaned fe ldspar  gra ins  

taken from s o i l s .  The f e ld spa r  g r a in s  show the  growth and development 

of c h a r a c t e r i s t i c ,  c rys ta l lographica l ly-cont ro l led  e tch  p i t s  on t h e  

su r f ace  which i n d i c a t e s  d i s s o l u t i o n  r a t e  cont ro l  by sur face  chemical 

r eac t i on  (Wilson, 1975; Berner and Holdren, 1979). Some examples a r e  

shown i n  F igure  7.  The e tch  p i t s  i n d i c a t e  s e l e c t i v e  a t t a ck  of t he  

f e ld spa r  s u r f a c e  by s o i l  a c id s ,  a t  po in ts  of excess energy such as 

d i s s o l u t i o n  outcrops .  General a t t a c k  of the  sur face  with consequent 

rounding, a s  p r ed i c t ed  f o r  d i f fus ion-cont ro l led  d isso lu t ion ,  is n o t  

found. 
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We discovered t h a t  we could dup l i c a t e  t h e  e t c h  f e a t u r e s  found on .- 

.- .- 

I s o i l  g r a in s  by t r e a t i n g  f r e s h  f e ld spa r s  wi th  HE f o r  extended periods = - .a - 
i n  t h e  l abo ra to ry  (Berner and Holdren, 1979). Also,  t h e  same type of ..T 

.- a 

. t ... .-.- 
p i t t i n g  (prismatic-shaped p i t s )  was found on a v a r i e t y  of K and Na I 

-- 
e 
.- - 

. I  f e l d spa r s  taken from s e v e r a l  d i f f e r e n t  s o i l s  where d i f f e r e n t  s o i l  ac ids  --= -- 
should have been present .  Prom t h i s  we conclude t h a t  p i t  shape i s  n o t  

5 - .. . 

s e n s i t i v e  t o  t h e  type of a c i d  a t t a ck ing  t h e  f e l d s p a r  a s  is t he  case  f o r  
C - 

c a l c i t e  d i s s o l u t i o n  (Keith and Gilman, 1960). 

Our o v e r a l l  conclusions w i th  regard  t o  t h e  d i s s o l u t i o n  of fe ldspar  

have been corroborated more r ecen t l y  from s t u d i e s  o f  pyroxene and am- 

phibole  d i s so lu t i on ,  both i n  t h e  labora tory  and i n  s o i l s  (Berner e t  az., 

1980; Schot t  e t  aZ., 1981). Pyroxenes and amphiboles a l s o  d i s so lve  v i a  

l i n e a r  and no t  parabol ic  k i n e t i c s  in t h e  l abo ra to ry  when HF p re t r ea t -  

ment is employed t o  remove u l t r a r e a c t i v e  f i n e  p a r t i c l e s  produced by 

gr ind ing .  Disso lu t ion  i n  s o i l s  a l s o  produces c h a r a c t e r i s t i c  e tch  p i t s  

showing t h a t  d i s so lu t i on  r a t e  of  pyroxenes and amphiboles i s  cont ro i led  

by su r f ace  chemical r e ac t i ons  (example in Figure  8 ) .  One d i f f e r a c e  is 

t h a t  pyroxenes show some c a t i o n  deple t ion ,  r e l a t i v e  t o  s i l i c o n ,  on t h e i r  

su r f ace s ,  bu t  t h i s  dep le t ion  extends t o  a  depth of  on ly  a few kgstrGms. 

This  is too t h i n  t o  b e  descr ibed  a s  a  d i f fu s ion - inh ib i t i ng  p ro t ec t i ve  

su r f ace  l a y e r .  Diffusion l o s e s  a l l  meaning when t h e  t o t a l  d i s t ance  of 

d i f f u s i o n  is of  t he  same o rde r  of magnitude a s  t h e  s i z e  of t h e  d i f fu s ing  

e n t i t i e s .  

The mechanism of d i s s o l u t i o n  of minerals  o t h e r  than  f e ld spa r s ,  

pyroxenes and amphiboles dur ing  weathering has  no t  been determined. 

Nevertheless ,  some p r ed i c t i on  can be  made. Th i s  i s  because t he r e  

appears  t o  be a reasonably good c o r r e l a t i o n  between t h e  s o l u b i l i t y  of 

a  mineral  and t he  r a t e - con t ro l l i ng  mechanism by which it d isso lves .  

This  is shown i n  Table 1. The l e s s  so lub l e  m ine ra l s  a l l  d i s so lve  by 

su r f ace  r eac t i on  control .  AgCl is an apparent  except ion  but  t h i s  nay 

be  caused by photochemical changes during k i n e t i c  s t u d i e s ,  e . ~ . ,  see  

Nielsen and SEhnel (1971). Since most minera l s  involved i n  weathering 

have s o l u b i l i t i e s  f a l l i n g  i n  t h e  lower range shown i n  t h e  t a b l e ,  i t  i s  

l i k e l y  t h a t  t h e  r a t e  of d i s s o l u t i o n  of  many o t h e r  minera l s  during 

weathering i s  a l s o  cont ro l led  by su r f ace  chemical p rocesses  and no t  

by d i f f u s i o n ,  e i t h e r  i n  aqueous s o l u t i o n  o r  through p r o t e c t i v e  su r f ace  

l aye r s .  
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Table 1. Oissolution rate-controlling mechanism :or various subsunces  

arranged in  order  of soiubil  i t i e s  i n  pure water (mass of mineral 

which wi l l  d issolve  t o  equilibrium.) (After Berner, 1978a; :PBOI 

Substance 

Cs5(P04J3Cii 

KAISigOg 

NaAlSi308 

BaS04 

AgCl 

SrC03 

CaC03 

Ag2CrO4 

PbSOq 

Ba(IO3I2 

SrS04 

Opaline Si02 

CaS04.2H20 

Na2SOd 10H20 

MgSO4 -7H20 

Na2C03.10H20 

KC 1 

CaCl 

MgClZ.6HZ0 

Solubi; i t y  
.ole per l i t e r  

2 x 1 0 ' ~  

3 

5 

1 x 10-5 

1 x 10-5 

3 x 

6 x 

1 

1 

8 10-J 

9 x 1 0 - ~  

2 10-3 

5 

2 x 10-I 

I x igO 

3 x lo0 

4 x l oo  

5 x lo0 

j x lo0 

Ofssolution 
r a t e  control 

Surface-reaction 

Surface-raacrion 

Surface-reaction 

Surface-reaction 

Transpor: 

Surface-reaction 

Surface- *:action 

Surf ace-reacti  on 

Mixed 

Transpar: 

Surface-reaction 

Surface-reaction 

Transport 

Transport 

Transport 

Transport 

i ranspor t  

Transport 

Transpor: 

A s imple  c a l c u l a t i o n  shows how i n c o r r e c t  i t  i s  t o  assume t h a t  a 

t y p i c a l ,  r e l a t i v e l y  i n s o l u b l e ,  mineral  d i s s o l v e s  during weathering a t  

a r a t e  p r e d i c t e d  f o r  d i f f u s i o n  o r  t r a n s p o r t  c o n t r o l  in aqueous s o l u t i o n .  

Using t h e  s o l u b i l i t y  f o r  K-feldspar a t  a s o i l  pH of 6 ( r a t h e r  than t h e  

v a l u e  given i n  Table 1 which is  f o r  a hydro lys i s  pH of  B), t y p i c a l  
2 -1 v a l u e s  o f  Ds = cn s e c  and r = 200 urn, and t h e  reasonable as- 

C 

sumption f o r  d i l u t e  s o i l  s o l u t i o n s  t h a t  Col << C w e  o b t a i n  from 
eq' 

equa t ion  (2 )  t h e  time necessary  t o  completely d i s s o l v e  200 pr~ s i z e d  

f e l d s p a r  g r a i n s  by molecular  d i f f u s i o n  i n  s o l u t i o n .  The r e s u l t  is  

t a 14  months. (This is  a maximum va lue  s i n c e  flow of  t h e  s o i l  o r  

ground wate r  has  n o t  been considered.)  Obviously, t h i s  r e s u l t  is in- 

c o r r e c t  s i n c e  K-feldspars p e r s i s t  i n  s o i l s  f o r  thousands t o  m i l l i o n s  
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of yea r s ;  t hus ,  a c t u a l  d i sso luc ion  r a t e  i s  f a r  s lower t han  t h a t  pre- 
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DIAGENESIS 

=$ - -. 
7; x Diagenesis ,  e s p e c i a l l r  e a r l y  d iagenes i s ,  l ends  i t s e l f  r e a d i l y  t o  
- ? - .. i - a k i n e t i c  approach. The p r i n c i p a l  reason f o r  t h i s  is t h a t  a t ime frame 

is a s soc i a t ed  w i th  sedimentary l a y e r s .  I n  modern u n l i t h i f i e d  sediments 

ove r l a in  by wa t e r ,  themost  convenient frame o f  r e f e r ence  is t he  sediment- 

water  i n t e r f a c e .  Depth b e l w  t h i s  i n t e r f a c e  is p ropo r t i ona l  t o  t ime,  

and b u r i a l  can be  viewed a s  t h e  flow of sediment downward away from t h e  

incer face .  I f  one, then,  f i xe s  on a given depth i n  a sediment, pro- 

cesses  a f f e c t i n g  chemical p r o p e r t i e s  a t  t h a t  depth must a l s o  i nc lude  

b u r i a l  advect ion.  Also, s i n c e  v e r t i c a l  concent ra t ion  g r ad i en t s  a r e  

gene ra l l y  much g r e a t e r  than ho r i zon t a l  ones,  one can t r e a t  t h e  proper- 

t i e s  a s  being on ly  a func t ion  of depch and time. Mathematically, t h e s e  

i dea s  can be  expressed i n  the  form of a d i agene t i c  equa t ion :  

where: C = concent ra t ion ,  x = depth i n  t h e  sediment, t = time, and w 

= r a t e  of b u r i a l  (dx /d t ) .  Here t h e  p a r t i a l  d e r i v a t i v e  r e f e r s  t o  changes 

a t  any f i xed  depth x and t h e  t o t a l  de r i va t i ve  r e f e r s  t o  changes occur- 

r i n g  i n  a f i x e d  sediment l aye r  undergoing b u r i a l .  

A very u s e f u l  concept is t h a t  of s teady  s t a t e  d iagenes i s .  Th i s  

I occurs  when a l l  d i agene t i c  processes balance one another  s o  t h a t  t h e r e  

- t  is  no change w i th  time a t  a given depth. Hathematical ly,  t h i s  is  ex- 

- 1 Steady s t q e  d iagenes i s  can be viewed a s  a balance s e t  up sucn t h a t  

1 m a t e r i a l  supp l i ed  o r  depleted from above by b u r i a l  is  consumed o r  pro- 

I duced by chemical r e ac t i on  (and d i f fu s ion )  and, a s  a r e s u l t ,  p l o t s  of 
. . 

.T f concent ra t ion  versus  depth always look t h e  same a t  success ive  t imes.  

Th i s  i s  a l l  i l l u s t r a t e d  i n  Figure 9 .  Note t h a t  t he r e  is  d i agene t i c  
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t in? to+ At change wi th in  a given l a y e r  under- z- 1 - 
going b u r i a l  but  no change a t  a  _ - 1 - :  - - 
f ixed depth. Since t h e  sediment- 

time to 7 - - I 
water  i n t e r f a c e  i s  a l s o  a f ixed  - I 
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depth (x = O), s teady  s t a t e  dia- . I 
.. . 

genesis  means t h a t  t h e  composition . . ..- 

-LAYER A of ma te r i a l  added t o  t he  sediment - 
s - a t  t h e  time of depos i t ion  does not  . . 

x -- 

!i vary wi th  time. Obviously, s teady  
W 
0 

. - 

1 s t a t e  is  most l i k e l y  where depo- 

I s i t i o n a l  condit ions a r e  cons tan t  

I and continuous. This i s  b e s t  ex- 
.- - - 

h ib i t ed  by fine-grained muds de- -- 
. . 

Figure 9 .  Diapramarie represencarion of . - 
steady s tare  dragenesis. Upon burial.  pos i ted  i n  l akes  o r  t h e  oceans. - A -- 
t,Se value of property p does not change -- 
f o r  a fixed depth x (or x - 01, but does The treatment of d iagenes is  
change for a Fixed L y e r  A. (After Ber- .- 
ner. 1980) i n  t h i s  paper w i l l  be r e s t r i c t e d  t o  TL 

a b r i e f  d i scuss ion  of organic  mat te r  decomposition, v i a  s u l f a t e  reduc- 

t i o n ,  i n  fine-grained marine sediments. This is  done merely t o  aemon- 

s t r a t e  a  chemical k i n e t i c  approach t o  diagenesis  and is not  intended . -. 

a s  a  thorough treatment of e i t h e r  b a c t e r i a l  s u l f a t e  reduction o r  dia- 

gene t i c  processes.  For a  more complete d iscuss ion  of  q u a n t i t a t i v e  -- 
a-. - 

approaches t o  diagenesis ,  t h e  reader  is  r e f e r r e d  t o  t h e  book by Berner 

(1980). Here we w i l l  ignore t h e  processes of  compaction, b io turba t ion .  

adsorp t ion ,  and ex t e rna l l y  forced  water  flow, and w i l l  concent ra te  only 

on chemical r eac t i on ,  b u r i a l  advection,  and i n t e r s t i t i a l  molecular 

d i f fu s ion .  Also, only s teady  s t a t e  diagenesis  w i l l  be considered. I n  ... 

t he  case  o f  s u l f a t e  reduction t he se  assumptions a r e  reasonably v a l i d  

i f  we r e s t r i c t  our d iscuss ion  t o  sediment depths below the  top 10-20 

cm where b io tu rba t i on  ( t he  d is turbance  of bottom sediment by macro- 

organisms) and consequent water  movement can be  appreciable.  Also, 

s u l f a t e  does no t  s t rongly  adsorb on s o l i d  p a r t i c l e s  i n  most sediments. 

B a c t e r i a l  s u l f a t e  reduct ion  involves t h e  reduct ion  of d isso lved  

s u l f a t e  i n  t h e  i n t e r s t i t i a l  water  of a  sediment t o  H2S with  a concomi- 

t a n t  ox ida t i on  of organic ma t t e r  t o  C02 and HCO;. The o v e r a l l  process 

can be  summarized by t he  r eac t i on :  



T'nis p rocess  can t a k e  p l ace  only under s t r i c t l y  anoxic condi t ions  and 

a s  a  r e s u l t  i t  is  normally r e s t r i c t e d  t o  bu r i ed  sediments s i n c e  most 

a l l  s u r f a c e  waters  con t a in  d i sso lved  oxygen. S u l f a t e  reduc t ion  is an 

important  process both f o r  t he  decomposition of o rganic  mat te r  and f o r  

th2 f ~ ~ a t l ~ i i  of p y r i t e  (which forms by the r e ac t i on  of  H2S wi tn  d e t r i -  

t a l  i r o n  minerals  i n  t h e  sediment) .  

The r a t e  of o rgan i c  mat te r  decomposition v i a  s u l f a t e  reduc t ion  can 

be assumed t o  fol low f i r s t - o r d e r  k i n e t i c s  a s  d i scussed  e a r l i e r  i n  t h i s  

paper ( s ee  a l s o  Chapter 1). In o the r  words, i n  terms of  equat ion ( 3 )  : 

where G now r e f e r s  t o  t h e  concent ra t ion  of CH 0 i n  r e a c t i o n  (7) .  (For 2 
reasons  t h a t  w i l l  soon become apparen t ,  G is expressed i n  u n i t s  o f  mass 

of  s o l i d  organic  carbon pe r  u n i t  volume o f  enc los ing  pore water . )  I f  we 

assume t h a t  t h e  o rgan i c  mat te r  is p r e sen t  i n  a  s o l i d  form s o  t h a t  t h e  

only processes a f f e c t i n g  it a r e  b u r i a l  advec t ion  and decomposition, and 

t h a t  i t  c o n s i s t s  of only one s e t  of o rgan i c  compounds w i th  one k va lue  

(uhich is reasonable f o r  sediments below t h e  zone of b i o t u r b a t i o n ) ,  then 

from equations (6)  and (8) a t  s teady  s t a t e :  

So lu t i on  of t h i s  equa t ion  f o r  t h e  boundaq  condi t ions ;  

y i e l d s  : k 
G = Go exp [- ; X] 

Now from the  s to ich iomet ry  of r e a c t i o n  ( 7 ) ,  t h e  r a t e  of b a c t e r i a l  sul-  

f a t e  reduc t ion  i s  given by: 

where C = concent ra t ion  of d i s so lved  s u l f a r e  i n  mass pe r  u n i t  volume of 

i n t e r s t i t i a l  water .  (Equation (11) is simple s i n c e  we have expressed G 

i n  terms of  mais pe r  u n i t  volume of pore water . )  From (81, (101, and 

( l l ) ,  f i n a l l y :  



-c - ,- - 
The d i a g e n e t i c  equa t ion  f o r  s u l f a t e ,  s i n c e  i t  is  a d i sso lved  .- 3 -- 

.- s p e c i e s ,  i n v o l v e s  d i f f u s i o n  a s  w e l l  a s  b a c t e r i a l  r e d u c t i o n  and b u r i a l .  - 

At s t e a d y  s t a t e  t h e  d i a g e n e t i c  equat ion is: 

- - 
where Ds = molecular  d i f f u s i o n  c o e f f i c i e n t  of  s u l f a t e  i n  t h e  sediment. -- 
The f i r s t  term on t h e  l e f t  assumes t h a t  F ick ' s  Second Law of  d i f f u s i o n  - .- -- 
d e s c r i b e s  t h e  e f f e c t  of  d i f f u s i o n  on s u l f a t e  concent ra t ion .  S o l u t i o n  .- -- -- 
of equa t ion  (13) f o r  t h e  boundary condit ions:  - 

y i e l d s  : 

(The asympto t ic  concent ra t ion  C, s t r i c t l y  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  

of s u l f a t e  when o r g a n i c  m a t t e r  is  exhausted, i n  o t h e r  words, when G 

goes t o  ze ro .  However, i n  most sediments s u l f a t e  is exhausted b e f o r e  

o r g a n i c  m a t t e r  and i n  t h i s  c a s e  Coo becomes a n e g a t i v e  number and i s  

used on ly  a s  a curve f i t  parameter . )  

From p l o t s  of measured d i sso lved  s u l f a t e  concent ra t ions  v e r s u s  

depth,  such a s  t h a t  shown in Figure 10, t h e  va lues  of k and G can b e  
0 

ob ta ined  by a combination of curve  f i t t i n g  t o  o b t a i n  Co, Coo, and k/w 

and t h e  use  of  independently determined va lues  of  w and Ds. This  has  

been done f o r  a wide v a r i e t y  o f  sediments (Toth and Lerman, 1977; 

Berner ,  1978b; 1980; Murray e t  at., 1978; F i l i p e k  and Oven, 1980) 

r e s u l t i n g  i n  va lues  of  k rang ing  over  s i x  o r d e r s  of magnitude. Values 

of  G a r e  much more uniform. I n  t h i s  way, use of d i a g e n e t i c  equa t ions  

a long  w i t h  sediment  chemical d a t a  can b e  used t o  o b t a i n  fundamental 

r a t e  d a t a  f o r  o rgan ic  mat te r  decomposition. 

The model p resen ted  above assumes t h a t  t h e  r a t e  of  s u l f a t e  reduc- 

t i o n  is a f u n c t i o n  only of  t h e  concent ra t ion  of  metabol izab le  o rgan ic  

carbon and n o t  a l s o  of s u l f a t e .  From a number of l a b o r a t o r y  s t u d i e s  

using n a t u r a l  sediments  (e.g. , Martens and Berner, 1977) t h i s  is  j u s t i -  

f i e d  b u t  on ly  a t  s u l f a t e  concent ra t ions  g r e a t e r  than  about  25Z of t h a t  



SO,- (mM) found i n  t he  overlying seawater. 

15 20 25 AS s u l f a t e  i s  depleted with 

depth t o  very low values,  the  r a t e  
ZONE OF BIOTURBATION:-- 

of s u l f a t e  reduct ion  i n  most sedi- 
20  

ments must become l imi ted  by s u l f a t e  

i t s e l f .  Recent unpublished labora tory  

experiments by Joseph Westrich a t  Yale 

80 Univers i ty  shows t h i s  t o  be  t h e  case. 
a 

Westrich has found t h a t  i n  order  t o  
D 

120 desc r ibe  b a c t e r i a l  s u l f a t e  reduct ion  

.o L 4 a t  a11 depths and a11 s u l f a t e  con- 

modified to:  
Figure 10. Representative sul face  concen- 
trat ion p r o f i l e  from an organic-rich near- 
shore sedimenc (FOM s i t e )  from Long Island dC - kGo - - -  k C 
Sound, I.Y.. U.S.A (Modified a i c e r  Cola- 

exp[- - X I  \- (16) 
d rbac t  a %+c naber. 19i7)  

I I ! 1 

where = curve f i t  parameter with 

t h e  u n i t s  of  concent ra t ion .  This dependence upon s u l f a t e  concentrat ion 

c e n t r a t i o n s  , equation (12) must be  

shows t h a t  s u l f a t e  reduct ion  obeys t h e  Michaelis-Menten equation 

(Cornish-Bowden, 1976) which i s  a common r a t e  law f o r  b a c t e r i a l  pro- 

cesses.  In t h i s  c a se  % i s  r e f e r r ed  t o  a s  t h e  Michaelis constant .  

For sediments bu r i ed  we l l  below the  zone of  b io tu rba t i on  Westrich 

found t h e  va lue  of  % t o  average around 1 .5  at. Thus, a t  most s u l f a t e  

' concent ra t ions ,  such a s  shown i n  F igure  10,  equation (16) is s u f f i c i e n t l y  

accu ra t e ly  represented  by the  much more simple equation (12) and the type 

of d i agene t i c  modeling discussed above is j u s t i f i e d .  Use of equation 

(16) ,  i n s t e a d  of (12),  i n  t h e  d i agene t i c  equation would lead  t o  a more 

complicated s o l u t i o n  s i n c e  i n  t h i s  c a se  t h e  d i agene t i c  equation becomes 

non-l inear  . 

CONCLUSION 

I n  t h i s  jiaper I have t r i e d  t o  show how t h e  sub j ec t s  of weathering 

and d iagenes is  can b e  approached from a k i n e t i c  s tandpoint .  This type  

of work depends upon an i n t ima te  i n t e r p l a y  between f i e l d  measurements, 

l abo ra to ry  experiments, and mathematical theory.  Because of the  acces- 

s i b i l i t y  of s o i l s  and sediments, models based on labora tory  measurements 

and t h e o r e t i c a l  c a l cu l a t i ons  can be used along with f i e l d  da ta  t o  



.- - 
. - 4 - 

--jl a 
A .s 
-3 . .. . -- - 
.--z 

c a l c u l a t e  r a t e  parameters  which a r e  o t h e r w i s e  d i f f i c u l t  t o  measure i n  .-z - -" 
t h e  l a b o r a t o r y .  Also, t h e o r e t i c a l  models can b e  t e s t e d  i n  t h e  f i e l d .  - - 

- - 
Much more work needs t o  b e  done i n  t h e  a p p l i c a t i o n  o f  chemical k i n e t i c s  -: -- ..-- - 
t o  g e o l o g i c a l  problems, and i t  is hoped t h a t  t h i s  c h a p t e r  has  shown - 

some of t h e  ways t h i s  can b e  done f o r  t h e  s u r f i c i a l  environment. 
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Chapter 4 

TRANSITION STATE THEORY Antonio C. Lasaga 

?lost k i n e t i c  phenomena from t h e  microscopic v i e w o i n t  c o n s i s t  of 

a  sequence of elementary s t eps ,  each of which r equ i r e s  overcoming a 

p o t e n t i a l  energy b a r r i e r .  n.e n ic roscopic  dynamics may be l ikened t o  

a  geologis t  who t r a v e l s  from val ley  t o  va l l ey  by climbing over succes- 

s i v e  r idges  and hopefu l ly  f inds  the  e a s i e s t  mountain passes between 

p o t e n t i a l  energy peaks. The t ssk  o f  t r a n s i t i o n  s t a t e  theory  (TST) i s  

t o  cha rac t e r i ze  p r e c i s e l y  the climbing r a t e s  of r e a c t a n t s  over  these  

p o t e n t i a l  b a r r i e r s .  This powerful theory da t e s  back to a  s e r i e s  of 

papers i n  1935 by Henry Eyring (Eyring, 1935a,b; Glasstone e t  a l . ,  1941) 

who developed a s t a t i s t i c a l m e c ' n a n i c a l  c a l cu l a t i on  of r eac t i on  ve loc i -  

t i e s .  We can exp l a in  t h e  tenecs of t he  theory a s  fol lows.  An elema- 

' t a r y  r eac t i on  involves  t h e  molecular c o l l i s i o n  of r eac t an t  spec i e s  t o  

produce s p e c i f i e d  products .  30th r eac t an t s  and products a r e  s i t u a t e d  

a t  t h e  bottom of well-defined p o t e n t i a l  energy we l l s ;  i . e . ,  they a r e  

s t a b l e  (o r  metas tab le)  species.  However, i n  proceeding from r e a c t a n t s  

t o  products ,  t h e  spec i e s  must usually t r a v e l  over a  p o t e n t i a l  energy 

b a r r i e r  ( s ee  F ig .  l a ) .  The theory a t  t h i s  point  focuses on t h e  molec- 

u l a r  con f igu ra t i on  a t  t he  top of t h i s  b a r r i e r ,  (ABC)*, a  conf igura t ion  

roughly midway between t h a t  of r eac t an t s  and products .  The p o t e n t i a l  

energy su r f ace  has  a  maximum a t  t h i s  conf igura t ion  i n  t h e  d i r e c t i o n  of 

the  so-cal led r e a c t i o n  c o o r i i r s t e ,  but  the p o t e n t i a l  energy increases  

i n  a l l  o t h e r  d i r e c t i o n s .  Therefore, t he  p o t e n t i a l  energy su r f ace  

topology i n  t he  neighborhood o f  t h i s  conf igura t ion ,  termed the  actd- 

va ted  comples, resembles t h a t  of a saddle.  The r eac t i on  coordinate 

(dashed l i n e  i n  Fig.  l a )  is  the n e t  motion which takes r e a c t a n t s  t o  

products. For example, f o r  t he  r eac t i on  A+ B C + 4 B  + C ,  motion along * 
t h e  r eac t i on  coord ina te  (see Fig. l a )  a l t e r s  t h e  conf igura t ion  of t he  

atoms a s  fol lows:  

This  motion i l l u s t r a t e s  t h e  decrease i n  che rAB dis tance  and t he  Con- 

comitant i nc r ea se  i n  t he  rgC dis tance  needed t o  form the  products. 


