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Coal i s  e s s e n t i a l l y  a near end-member of a homologous s e r i e s  w i t h  100 
percent carbonaceous matter a t  one end of t h e  s e r i e s  and witli 100 percent mineral 
m t t e r  a t  t'ne other  end. This i s  t a c i t l y  recognized by chemists i n  t h e i r  cornon 
usage cf the mineral-matter-free bas i s  f o r  treatment of coal  analyses i n  experi-  
n w t a l  work and in  process indus t r ies .  

Whenever c l a s s i f i c a t i o n  of c o a l  has been subject  f o r  discussion o r  study 
!1,2,3)*,the mineral matter content of coal  i s  mathematically removed fi-om con- 
sideration--and r i g h t l y  so f o r  such a purpose. But n a t h e m t i c a l  elimination of 
mineral matter doi?s not e l imicate  the fundamental problem of n i n e r a i  matter i n  
c c s i .  

Minerals a re  an i n t e g r a l  p a r t  of a c o a l  bed. Once t h i s  f a c t  geins general 
acceptance the  genet ic  re la t ions  of the minerals found i n  coal  can be groperly 
a72ueclated. Many papers on t h e  kinds of n inere ls  (4,5,5,7), t h e  d i s t r i b u t i o n  
oi' ixinerals(8,3), end the  mode of occurrence of minerals (10) i n  coal  have been 
pb:l.ished. Tkii biochemical and geochemical or igins  of ash forming ingrzdients i n  
coal, the f a t e  of n i n e r a l  elements leached from degraded p lan ts ,  and the or ig in  
of minor elements i n  coal  a r e  t h e  subject  of a previous pape:? (11). The present 
peper discusses t h e  in te r re la t ionships  of the  geological,  chemical, and physical  
fac tors  wl?ich cont ro l  t h e  mineral content of coal .  

Coal is B rock rrhich i s  of grea t  economic value and i t s  'grade i s  la rge ly  
deternined by the  percentage of minerals prPscnt. 
a x  f z n i l i a r  with the  minerai matter content ol' coal  oilljr thi-ough tine residue re- 
Raining a f t e r  coabustion. Eut geologis ts  are concerned with coal  as a rock as 
vclli e s  i ts  value a s  a comncdity, and i n  mapping coal  formations throughout the 
wcrld they a r e  faced with t h e  problem of whether what appears t o  be coal should 
be cal led coal o r  sonething e l s e .  
of coal  becomes very inportant .  Here i s  h i s  def in i t ion :  

Most persons concerned r:ith coal  

In  such a s i t u a t i o n  Schopf's (12) def in i t ion  

"Coal is a readily curhust ible  rock contai:iing moi-e than 50 percent- 
by weight acd more than 70 percent by volme of carbonaceous r i t e r i a l  
formed from compaction o r  induration of variously a l t e r e d  p lan t  r e -  
mains similar t o  those i n  peaty deposi ts .  Differences i n  the kinds of 
plant  mater ia ls  (t.yye), i n  degree of uietamorphism (rank) and range of 
impurity (grade) a r e  c.haracteristic of v a r i e t i e s  of coal." 

On a weight b a s i s ,  Schopf extends t h e  def in i t ion  of coal  t o  include one 
h3lf of the homologous s e r i e s  discussed a t  the  beginninc of th is  paper. The 
l a t e r a l  gradation of a coa l  seam with only a r e l a t i v e l y  small percentage of 
mineral matter i n t o  a carbonaceous shzle i s  not uncommoli i n  Cretaceous and 
l a t e r  coal beds of  t h e  western United S t a t e s .  Many thiri ly bed.ded deposits a re  

Schopf's def in i t ion ,  yet  these kin2.s of deposi ts  probably contain a f a r  grea te r  
*.Figures i n  parentheses r e f e r  t o  references l i s t e d  a t  end of pz.per. 

- not considered t o  be coal  beds nor Would they be icclude8 as such according t o  
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geologic reserve of carbonaceous mater ia l  than do the  coal  beds now included i n  
reserve data compiled by t h e  U. S. Geological Survey (13) .  

Geologicsl fac tors  o f  sedimentation a re  t h e  primary controls  of the mineral 
content of coal be&. 
occurs only during the p e a t  stage and during t h e  e a r l y  diagenet ic  stages of the  
coa l i f ica t ion  process. 
fac tors  become important i n  control l ing mineral deposition--but these operate 
d i r e c t l y  i n  conjunction wi th  chemical processes. 

m o l y  chemical cont ro l  of mineral deposition problably 

During t h e  subsequent h i s tory  of a coal bed certairi physics; 

GEOLOGICAL FACTORS 

The accumulation of pea t  i n  s u f f i c i e n t  quant i t ies  t o  permit the ultimate 
formation of a coal  bed of  commercial Importance requires  a degree of s t a b i l i t y  
short  of equilibrium. Organic Illaterial must accumulate a t  a r a t e  somewhat greater  
than that a t  which complete degradation occurs. 
being supplied t o  t h e  swamp, and with only a r e l a t i v e l y  small percentage of organic 
matter accumulating a carbonaceous shale forms, ra ther  than a coa l  bed. A coa l  
swamp, throughout its l i f e ,  i s  a bas in  of deposition i n t o  which minerals a re  being 
brought by water and wind. These are m i n l y  hydromica and kaolin nunerals with 
mincr amounts o f  quartz  and t l a c e s  of r e s i s t a n t  accessory 'de t r i ta l  minerals such 
as zircon, garnet, tourmaline, and other minerals as reported by Gauger, Barret t ,  
and W i l l i a m s  (7).  

But minerals a r e  continuously 

The clay minerals t h a t  occur as pers i s ten t  par t ings i n  so many coai beds are  
typ ica l  of the  geological control  of sedimentation o p e r a t i w  on a very large scale.  
The so-called "coal balls," which are la rge  masses of 1imestor;e o r  d o l a t e  found 
i n  grea t  abundance within cer ta in  coal beds owe their presence i n  coa l  t o  geologi- 
cal  controls.  

Once again it m u s t  be  emphasized that geological conditions and geological 
grocesses are the  primary controls i n  es tab l i sh ing  the grade of an incipient  coal. 
bod. B u t  even beyond this first  stage of development of coal,  beyond t h e  px-ek;  
sedimentary stage, geological  fac tors  have an influence on t h e  chemical and physical 
controls  which a r e  t o  be discussed. 

The chemical envirorment of the  coal  swamp can be ef fec t ive  in  modifying the 
composition of minerals. 

The acidit; of swamp vaters is cer ta in iy  an important fac tor  i n  influencing 
the  ultimate disposi t ion of the  suspended and d e t r i t a l  mineral matter brought into 
the  peat  bog. 
i n  15 Minnesota peat bogs had an average pH of 4.2. 
Table I and are  taken from Passer ' s  report  (14). 

The acidit;- of 54 samples of  peat  taken 0.5 foot  below the surface 
The pH data are given i n  

These data are probably t y p i c a l  f o r  most peat  bogs not located i n  limestone 
o r  dolomite terranes.  
t o  most chemists and t h i s  i s  wh;. these da ta  have been presented. Coastal swamps, 
which may be brackish o r  which may alternate between f r e s h  water and mariile water 
environments m u s t  have an  e n t i r e l y  d i f fe ren t  range of ac id i ty  but pH data are 
lacking f o r  such swamps. 

The high a c i d i t y  of  these peat  bogs is probably surprisiw 

'> 

Generally, the pH of samples from any given peat p r o f i l e  w i l l  decrease from 
Cne example a mirimum value near t h e  t o p  t o  a. maximum a t  o r  near t h e  s o i l  base. 

i s  a peat  p r o f i l e  from Rice Lake Bog i n  S t .  Louis County, Minnesota, where t h e  pH 
var ies  from 3.6 t o  5.5 as indicated i n  Table 11. 
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TABU I.  p H  OF 64 SAMPLES TAKEN FFDM 15 MTNNESOTA F%AT BOGS 
J..QCATED I N  FIVE C O W I E S  (14) 

FEAT COG 

Rice Lake 

Floodwood 
Sta te  

Corcna 

Cook 

Cwson 

~ L Z  Fal l s  

Iied Lake 1 

R x i  i r k e  2 

Rapid River 

Lonjion 

E h e  I 

Tim 

Cs tt on -Skaw 

Payne 

P1.osit 

S t .  LOUlS 

St. Louis 

Carlton 

St. Louis 

S t .  Louis 

iCoochichitg 

Belti.ami 

3eltrami 

Lake of the  Woods 

St. Louis 

S t .  Louis 

S t .  LOl l iS  

St. Louis 

S t .  Louis 

S t .  Louis 

17 

8 

5 

3 

1 

3 

6 

2 

3 

3 

3 

3 

3 

3 

1 

TABLE 11. FRGFILE OF p H  AT POSITION CV, RICE WXE BOG 
ST. LOUIS COUKTY, MNN. (Ref. 14, p.4) 

DE?TH 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
5.5 
7.5 
8.5 
9.5 

10.5 
11.5 
12.5 

3.5 
3.5 
4.1 
4.0 
3.9 
4.1 
4.4 
4.5 
4.4 
5 -1 
5.0 
5.5 
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A r e l a t ive ly  low pH m a l  be an important f ac to r  i n  a l t e r i n g  the character 
of the c l ay  minerals deposited i n  a coal swamp. G r i m  (15) believes t h a t  the 
leaching of a lka l i e s  an& alk la ine  ear ths  under such circumstances may account 
f o r  the dominance of kao l in i t e  i n  f resh  water lake sediments. The intense acid 
leaching of clays associated w i t h  coal beds may well account fo r  the  or ig in  of the 
high grade f i r e  clays so commocly found with coa l  beds. Car ro l l  (16) experimented 
with prec ise ly  t h i s  type o f  system i n  the  laboratory and found tha t  under anaerobic 
conditions i n  f resh  water a s  much a s  62 percent of t he  f e r r i c  oxide present on 
the clay minerals tes ted  were removed i n  only 23 days. 
bac te r ia  t he  pH generaily was reduced 3 units or  more. 
chemical a c t i v i t y  the charac te r  of the  sedimentary minerals may be changed and 
i ron  made available f o r  fu r the r  chemical reaction. 

By t h e  actiori of anaerobic 
This demonstrated tha t  by 

\ 

Bacteria are fac tors  i n  the  chemical cont ro l  of mineral matter i n  coal.  Sui- 

\ f i d e  minerals, and espec ia l ly  py r i t e  and marcasite, are among the most important 
rniierals t o  be found i n  coa l .  The ro les  of these minerals i n  a f fec t ing  the 
d t i l i za t ion  of coa l  a r e  too  numerous t o  be mentioned i n  this paper. 
are ac t ive  i n  two ways here--one group of organisms w i l l  a t t a c k  the protein in  the 
plants and a6 a consequence of t h a t  ac t iv i ty  w i l l  u l t imate ly  re lease  hydrogen 
su l l ide ;  while $e t  another group of bac ter ia ,  the Desulfovibrios of Zobell end 
3it tenberg (17), reeuce s u l f a t e  ions t o  su l f ide  ions. Quant i ta t ive ly  the contribu- 
t i o n  of su l f ida  ion from reduced sulfate is f a r  more important and has previously 
oeen discussed by Deul (18). Even insofar as the  composition of surface waters 
enzering a peat swamp i s  concerned there  a re  geological overtones. I n  basins of 
limited extent geological cont ro ls  a r e  e f fec t ive  determinants of t he  chemical 
nature of the surface waters i n  a drainage area.  
oy Davis (19) i n  a discussion of the geologic control of t h e  mineral compositicn 
of surface waters of the  Southern Coast Ranges of California.  Davis shows tha-c 
the r a t i o  of bicarbonate t o  s u l f a t e  concentrations a re  re la ted  t o  the  l i thologg 
of the rocks exposed i n  t h e  t r i b u t a r y  drainage a rea  and t h a t  the r a t i o  may vary 
from 0.8 t o  6. (dominantly bicarbonate) t o  a r a t i o  of 0.02 t o  0.7 (dominantly 
su l fa te ) .  

Bacteria 
\ 
1 

i 

An outstanding exaraple i s  given 

The nature of the  minerals deposited i n  the  pea t  swamp and the chemical 
modification of these  sedimentary minerals have been b r i e f l y  discussed. It i s  
now necessary t o  consider t he  in t e rac t ion  of physical  and chemical forces in  further 
transformations which may take place subsequent t o  t h e  peat stage.  When e q u i l i b r i a  
is interrupted and a peat i s  buried under an increasing load of sediment, water 
is squeezed out of  the ?ea t  and from the  underlying sediments. The expelled war;er 
migrates e i the r  l a t e r a l l y  o r  v e r t i c a l l y  upward under the compressive forces.  During 
t h i s  stage of b u r i a l  and compaction, called the  ea r ly  diagenetic stage,  chemical 
conditions a re  constantly changing. The expelled waters probably a r e  concen%rated 
i n  iron, s i l i c a ,  and i n  su l f ide  ions as compared with water i n  a peat svamp. 
Zeplacement of organic s t ruc tu res  by pyr i te  and quartz may well take place a t  t h i s  
stage. 
sen t  knowledge but the f a c t  of replacement a s  a process cannot be denied. 

Replacement phenomena a re  f a r  too complex t o  discuss i n  the  lighr. of pre- 

PHYSCIAL FACTORS 

Once a coal has been formed and the bed moisture is  reduced t o  below 20 Per- 
cent, as i n  a subbituminous rank coal,  c lea t ing  of coal becomes a prominent 
physical fea ture .  Cleats a re  c lose ly  spaced p a r a l l e l  v e r t i c a l  j o in t s ;  t h e i r  
o r ig in  i s  a t t r i bu ted  t o  pressure phenomena, t o  t ec ton ic  forces,  and t o  forces C f  
contraction following devo la t i l i za t ion  (20). These c l e a t  surfaces a re  Often coated 
with t h i n  layers of mineral matter. 
f o r  the c l e a t s  i n  coal a l l  observers agree t h a t  c lea t ing  occurs l a t e  i n  the history 
of a coal bed. 
formed can minerals be deposited i n  the voids formed by f rac tur ing .  
voids a re  deposited minersls or' a high degree of p u r i t y  and whichcan be das i ly  

'Aegardless of the mode of or ig in  suggested 

Cleating is a physical phenomenon and only a f t e r  c lea ts  have 
In  these 
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ident i f ied .  Fyr i te ,  kaol in i te ,  ca l c i t e ,  gypsum and h a l i t e  a r e  minerals which hzve 
been found on c l ea t  surfaces of coa l .  Their o r i g a s  obviously are s imi la r  desp i te  
the  g rea t  d i f fe rence  i n  composition of the minerals. 
formed by r ec rys t a l l i za t ion  from so lu t ion  of minerals alreaiiy present i n  the coai 
beds; ca l c i t e ,  gypsum, and h a l i t e  were i n  Bart formed from ions migrating through 
the  coal from outside $he coal ked. 

Py r i t e  and kaol in i te  were 

Erosicn, a geologicai f ac to r ,  may ex2ose a cos1 bed t o  the  atsosphere, and 
under s x h  cor.d.itions c l e a t  f r ac tu res  i n  coal my be enlarged by physical forces .  
Weathering proces,ses now imsose an e n t i r e l y  new set o f  chenical conditions upon the 
coal bed. Atmospheric oxidation and tne  ac t ion  o f  ground waters e f f e c t  changes 
i n  the mineral n a t t e r  of coal which z re  even more s t z r t l i n g  than the  changes i n  
the organic matter. Whole new s u i t e s  of minerals a re  formed while py r i t e  may 
be completely destrcyed. Minerals l i k e   sum, j a ros i t e ,  melanterite,  copiapite 
and many s the r  s c l f a t e  minerals a r e  formed from the  oxidation products of py r i t e .  
Allophane, an amorphous c l ay  ntineral which is ch ie f ly  a hydrous mixture of alumina 
znd s i l i c a ,  may be an extreme a l t e r a t i o n  product of c lay  minerals within the coal 
an2 i n  the overlying sediments (21).  

i. 

'4 

i 

\ 

i 
\ 

SWARY AND CONCLUSION 

Geological controls a r e  the primary fac tors  i n  de t emin ing  the  grade of coal 

The 
insofar  as the mineral content i s  concernee. These primary cont ro ls ,  operative 
i n  the geologic past ,  have influenced cur ren t  prac t ices  i n  coa l  u t i l i za t ion .  
chemical enviroment of t he  coal swamp ce r t a in ly  has played a ro l e  i n  modifying the 
!nrierals deposited i n  the swap ,  which has acted as a reac t ion  vesse l  witMn which 
pyr i te  and marcasite could form. Under changing physical conditions during b u r i a l  
and compaction, and l a t e r ,  i f  subjected t o  erosion and exposure t o  c i r cu la t ing  groW 
rrater and a i r ,  physical  f ac to r s  become dominant i n  cont ro l l ing  the  chemical t rans-  
fornatisns that occur. 

Perhaps it would have been more prec ise  t o  discuss the  f ac to r s  which cant ro l  
the mineral content of coal all under on ly  one classification--geochemical f ac to r s .  
I n  a broad sense geochemistry is concerned with a l l  the  changes by whlch the cheai- 
c e l  composition of e a r t h  systems are modified. Sedimentation, a geological p r x e s s ,  
i s  i t s e l f  controlled by d ias t rophic  forces  which a r e  i n i t i a t e d  by major geochedca l  
forces.  
debris t o  the-Gtimate exposure and oxidation o f  a coal bed, geochemical t r ans -  
formations a re  occurring. 

In every stage of coa l i f i ca t ion ,  from the  f i r s t  accumulation of p lan t  

Kowever, such broad concepts, unless one i s  accustomed t o  thinking i n  such 
te rns ,  do not Zoovey t o  the f u e l  chemist t he  idea t h a t  the  var iab le  mineral content 
of coal i s  dependent upon a r e l a t i v e l y  few fundamental processes. Therefore, an 
attempt has been made t o  weave i n t o  the discussion of chemical and physical f ac to r s  
the continuous thread of dependence upon geological control--and this, in essence, 
makes the  controls geochemical. 

The mineral content of coal i s  a na tu ra l  consequence of i t s  mode of deposit ion 
and i ts  subsequent geological h i s tory ,  and i s  not due t o  capricious causes. 
is  c m o n  knowledge t h a t  the? mineral content of coal influences its u t i l i z a t i o n ,  
often in  a de le te r ious  manner. Coal preparation a s  now prac t iced ,  can ef fec t ive ly  
reduce the  mineral content of almost any coal. With a b e t t e r  understamding of 
how minerals i n  coal a r e  formed, and how they occur, the  technology of coal prepara- 
t i o n  can be fu r the r  improved. 

It 
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