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And when water  f r e e z e s  i n t o  i c e  t h e r e  i s  an e n t r o p y  r e d u c t i o n  of 0.27 cal/gmK. 
These p r o c e s s e s  a r e  ba lanced  by t h e  r e v e r s e  p r o c e s s e s  of e v a p o r a t i o n  and m e l t i n g  
s o  t h a t  g e n e r a l l y  no n e t  i r r e v e r s i b l e  o d e r i n g  occurs .  

The a c t i o n  of f r e s h  wa te r  from r a i n  d i s s o l v i n g  s a l t s  from t h e  E a r t h ' s  s u r f a c e  
can l e a d  t o  permanent o r d e r i n g .  The wa te r  wi th  s o l u t e s  can p e n e t r a t e  many m e t e r s  
i n t o  t h e  E a r t h  where, due t o  changes i n  p r e s s u r e ,  t e m p e r a t u r e ,  s a l i n i t y ,  and 
chemis t ry  t h e  s o l u t e s  can become d e p o s i t e d  o u t  a s  low en t ropy  m i n e r a l s  such a s  
e v a p o r i t e s .  S i z e a b l e  o r e  and m i n e r a l  d e p o s i t s  may a r i s e  from such p e r c o l a t i v e  
p r o c e s s e s .  The i n i t i a l  en t ropy  r e d u c t i o n  i s  powered by s u n l i g h t  t o  conver t  s a l t  
water  t o  f r e s h  w a t e r ,  a s  exp la ined  above. Huge s a l t  d e p o s i t s  from evapora ted  s e a  
water  r e p r e s e n t  low e n t r o p y  d e p o s i t s ,  a s  t h e  s a l t  i n  s o l u t i o n  has  a  h i g h e r  en t ropy .  
These d e p o s i t s  were c l e a r l y  formed wi thou t  t h e  a c t i o n  of l i f e .  L i f e  l i v i n g  i n  
c o n c e n t r a t e d  s a l t  s o l u t i o n s  might have i n c r e s e d  t h e  amount of s u n l i g h t  absorbed ,  
however. 

6 .  Entropy Reduction h e  to Change fram Small-Scale t o  Large-Scale Order 

Apart  from a  few examples ,  t h e  p rev ious  d i s c u s s i o n  has  p r i m a r i l y  assumed t h a t  
t h e  e n t r o p y  of t h e  s u r f a c e  of the  E a r t h  has  dec reased  over  g e o l o g i c  t ime,  because 
i t  fo l lows  from t h e  fundamental  law t h a t  t h e  en t ropy  d e c r e a s e s  w i t h  time i n  a l l  
n a t u r a l  thermodynamic s t a t i s t i c a l  systems open t o  deep space.  I t  is of c o n s i d e r a b l e  
i n t e r e s t ,  however, t o  see  i f  t h e  E a r t h ' s  s u r f a c e  has ,  i n  f a c t ,  dec reased  in  e n t r o p y  
over  g e o l o g i c  t ime.  D i r e c t  evidence f o r  such a  d e c r e a s e  f u r t h e r  h e l p s  1) t o  
e s t a b l i s h  t h e  g e n e r a l  fundamental  law f o r  o r d e r i n g  p r o c e s s e s  i n  n a t u r e  and 2 )  t o  
e s t a b l i s h  t h e  ent ropy r e d u c i n g  c h a r a c t e r  of l i f e  and t h e  consequent  p h y s i c a l  law 
of e v o l u t i o n  t h a t  s t a t e s  t h a t  l i f e  evo lves  i n  a  d i r e c t i o n  such a s  t o  i n c r e a s e  t h e  
biomass of  t h e  b iosphere .  . 

The e a r l y  E a r t h ' s  s u r f a c e  c o n s i s t e d  of b a s a l t i c  type  rocks  a s  i n  t h e -  E a r t h ' s  
man t le ,  m e t e o r i t e s ,  o r  moon rocks .  Such rocks  c o n s i s t e d  of m i x t u r e s  and s o l i d  
s o l u t i o n s  of m i n e r a l s  such a s  pyronenes ,  o l i v i n e s ,  and i r o n - s p i n e l s  i n  smal l  
c r y s t a l s ,  g r a i n s ,  o r  g r a n u l e s  of perhaps  of t h e  o r d e r  of a  m i l l i m e t e r  i n  s i z e .  The 
o r i g i n a l  E a r t h  rocks  when viewed on t h e  s u b m i l l i m e t e r  s c a l e  appeared t o  have 
e lements  p a r t i t i o n e d  i n t o  smal l  low en t ropy  minera l  g r a i n s .  But when viewed on a  
1 0  un s c a l e  such rocks  appeared t o  be a  homogeneous mix tu re  of e l ements  w i t h  no 
p a r t i t i o n i n g  i n t o  minera l  g r a i n s .  The o r i g i n a l  E a r t h  rocks  possessed  small -scale  
o r d e r .  

In c o n t r a s t  present-day s u r f a c e  c r u s t a l  rocks  i n  t h e  upper 5 km of the  E a r t h ' s  
c r u s t  appear  d r a m a t i c a l l y  d i f f e r e n t .  They c o n s i s t  of low e n t r o p y  m i n e r a l s ,  which 
a r e  f r e q u e n t l y  s i m p l e r  wi th  fewer e lements ,  i n  l a r g e  c r y s t a l s ,  g r a i n s ,  o r  g r a n u l e s .  
The same m i n e r a l  can ex tend  over c e n t i m e t e r s ,  m e t e r s ,  o r  even k i l o m e t e r s .  Thus, 
f o r  example, l imes tone ,  which was not  p r e s e n t  i n  t h e  o r i g i n a l  b a s a l t i c  type rocks  
e x i s t s  today a s  a  more-or-less pure ca lc ium c a r b o n a t e  i n  v a s t  con t iguous  d e p o s i t s .  
I t  can,  t h e r e f o r e ,  be s a i d  t h a t  present-day c r u s t a l  rocks  p o s s e s s  large-sca le  o rder .  

Rarer  e l ements  a r e  today i n  g e n e r a l  d i s t r i b u t e d  i n  s m a l l e r  d e p o s i t s  o r  volumes; 
but  i n  no c a s e  a r e  t h e  volumes a s  smal l  today a s  t h e  volumes c o n t a i n i n g  t h e  same 
e lements  i n  t h e  o r i g i n a l  b a s a l t i c  type rocks .  G r a n i t e ,  which i s  d e r i v e d  from 
mel ted  c r u s t a l  rocks  does not  appear  l i k e  mant le  rocks .  The c r y s t a l s  of q u a r t z ,  
f e l d s p a r s ,  micas ,  b e r y l s ,  e t c .  i n  a c i d i c  g r a n i t e  a r e  g e n e r a l l y  ve ry  much l a r g e r  
than  t h e  c r y s t a l s  i n  mantle b a s a l t .  Thus, even g r a n i t e  t e n d s  t o  p r e s e r v e  t h e  
large-sca  l e  o r d e r  of present-day c r u s t a l  rocks .  

The change from smal l - sca le  o r d e r  t o  l a r g e - s c a l e  o r d e r  means t h a t  t h e  E a r t h ' s  
s u r f a c e ,  o r  upper c r u s t ,  has  undergone a  v a s t  r e d u c t i o n  i n  en t ropy  t h a t  can be 
e s t i m a t e d .  The f r e q u e n t  change from complex m i n e r a l s  c o n t a i n i n g  many d i f f e r e n t  
e lements  found i n  mant le  rocks  t o  s i m p l e r  m i n e r a l s  c o n t a i n i n g  fewer e lements  found 
i n  present-day c r u s t a l  rocks  a l s o  g e n e r a l l y  c o n s t i t u t e s  a n  e n t r o p y  r e d u c t i o n ,  a s  
d i s c u s s e d  i n  t h e  fo l lowing  Sec t ion .  
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The entropy reduc t ion  a s soc i a t ed  w i th  t he  change from smal 1-scale  t o  l a rge-sca le  
o r d e r  can be es t imated  using s t a t i s t i c a l  mechanics. When Z molecules a r e  s epa ra t ed  
i n t o  n  g r a i n s ,  each con t a in ing  Z i  molecu les ,  t he  s t a t i s t i c a l  weight f o r  the  system 
becomes 

s ince  t he  number of ways molecules  a r e  arranged w i t h i n  each g r a i n  Zi ! does not  
change t he  mac ros t a t e  of i n t e r e s t .  To s i m p l i f y  the  mathematics t h e  case  of n  
g r a i n s  of t he  same s i z e  may be cons idered ,  so Eq. ( 20 )  becomes 

From t h e  d e f i n i t i o n ,  Eq. ( l l ) ,  of entropy Eq. (21) y i e l d s  

Since Z and Z/n a r e  l a rge  numbers, S t i r l i n g ' s  formula (13 )  may be used;  and Eq. 
( 22 )  becomes 

S  = Z Znn + So.  (23) 

The change i n  entropy from the  i n i t i a l  s t a t e  where Z molecules a r e  d iv ided  among 
a  l a rge  number of g r a i n s  ni t o  t h e  f i n a l  s t a t e  where Z molecules  a r e  d iv ided  among 
a  small  number of g r a i n s  n f  i s  g iven by 

Since the  number of g r a i n s  involved i s  p ropo r t i ona l  t o  a  f i xed  volume V, div ided  by 
the  volume of an i nd iv idua l  g r a i n ;  and s i n c e  t he  volume of an i n d i v i d u a l  g r a i n  i s  
p r o p o r t i o n a l  t o  the  g r a i n  s i z e  y  cubed; 

S u b s t i t u t i n g  Eq.  (25)  i n t o  (24) y i e l d s  

If t he  present-day g r a i n  s i z e  of c r u s t a l  rocks i s  es t imated  t o  be 10 t imes 
g r e a t e r  than t he  g r a i n  s i z e  i n  t he  o r i g i n a l  b a s a l t i c  type rock,  then t he  decrease  
i n -  entropy pe r  mole of rock i s  

I f ,  however, i t  i s  es t imated  t h a t  t he r e  has  been a  hundred-fold i n c r e a s e  in  t he  
s i z e  of g r a i n s ,  which may be t r u e ,  then t h e  decrease  i n  entropy per  mole of rock i s  

Assuming a  mean molecular  weight f o r  c r u s t a l  rock of 100 and assuming a  mass of 
6.8 x gm f o r  the. upper 5 km of t h e  E a r t h ' s  c r u s t ,  t h e  t o t a l  en t ropy  r educ t i on  
of the  E a r t h ' s  su r f ace  due t o  a  change from smal l -scale  t o  l a rge-sca le  o rder  i s  
es t imated  t o  be 

This r e s u l t  may be compared with  the  en t ropy  produc t ion  t h a t  makes i t  pos s ib l e  
f o r  such entropy reducing p roce s se s ,  such a s  t he  change from smal l -scale  t o  large-  
s c a l e  o rder  t o  occur.  The entropy product ion necessa ry  t o  form the  Ear th  out  of 
a  cloud of gas and dust  from Eq. ( 5 )  i s  1.6 x lo3' erg/K. The en t ropy  product ion 
due t o  i r r a d i a t i o n  of the  Ea r th  by sun l i gh t  s i nce  i t  was formed from Eq. ( 3 )  i s  
g iven by 4.9 x lo3' erg/K. Thus, ' i t  i s  seen t h a t  t h e  entropy product ion i s  l a r g e  
enough t o  account f o r  the  entropy decrease  g iven  by Eq. ( 29 ) .  

It may be seen t h a t  t he  entropy r educ t i on  given by Eq. ( 29 )  i s  about  100 t imes 
g r e a t e r  than t h e  entropy r educ t i on  of carbon t o  produce t h e  E a r t h ' s  a tmospher ic  








