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EXPLANATION 
• Anthracite and semtanthraclte 

46· U Medium· and hlgh.volatile bituminous coal 

• low-volatile bItuminous coal 

Subbltuminous coal 

Lignite 

Deep cotor represents areas known to contain coal 
of present or of potential future commerCIal value. In 
general, the minimum thickness Included are 14 
Inches tor anthracite and bituminous coal, and 30 
inches lor subbltummous coal and lignite. 

LIght color represents areas of unknown, or of 
doubtful value for coal. 

lIght color and stippling represents areas in which 
the coal· besting rocks are under cover, which may 
range In thickness from a few hundred to thou�nds 
of feet. 

OZ:O 100 I;� KILOMETERS 

112" 110· 
Figure 3: 

COAL FIELDS 

Coal-bearing regions of the Rocky Mountains(from Geologic 
Atlas of the Rocky Mountain Region, Rocky Mountain 
Association-of Geologists, 1972) 
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FO REWORD 

The " 1 976 Sympos i um on the Geo l ogy of Rocky Mounta i n  Coa l , "  the f i rst of what we 
hope w i l l  be an a nnua l event , was hel d on Apr i l  26 and 27 at the Cec i l  H .  and I da Green 
G raduate and P rofess i ona l Center on the campus of the Co l orado Schoo l of M i nes , i n  Go l den . 
Ove r 400 peop l e  reg i stered for the meet i ng ,  w i th over 200 com i ng f rom out of state and 
f rom Canada . The theme of t h i s sympos i um ,  and of future ones i n  th i s  ser i es ,  i s  "Geo l ogy 
i s  the key." W i thout a doubt , coa l i s  the answer to our s hort- and med i um-term energy re
qu i rements , a nd geol ogy i s  the key to a better understand i ng of coa l -- of i ts or i g i n ,  
chem i stry ,  and u l t i mate ut i l i zat i on. 

The 1 976 Sympos i um wa s s ponsored by the Co l orado Geo l og i ca l  Su rvey and the Co l o
rado Schoo l of M i nes , w i th va l ua b l e  and much a pprec i ated s uppo rt f rom the U . S .  Geo l ogica l 
S u rvey , U . S .  Bureau of M i nes , The Denve r Coa l C l ub ,  and Rocky Mounta i n  Assoc i at i on of 
Geo l og i sts . W i thout the ass i stance of many i nd i v i dua l s  f rom these agenc i es and orga n i za
t i on s , together w i th that of nume rous energy- re l ated compan i es ,  th i s  conference never 
wou l d  have mate r i a l i zed . F i na l l y ,  the success of the sympos i um was a s s u red by the s peak
e rs themse l ves , who cont r i buted the i r t i me and effort i n  present i ng a number of exce l l ent 
papers . 

The sympos i um was orga n i zed i nto fou r techn i ca l  ses s i ons : ( 1 )  Bas i c  coa l geo l ogy 
and geochem i stry , (2 ) Rocky Mounta i n  coa l depos i ts ,  ( 3) Coa l exp l o rat i on techn i ques , and 
(4 )  Geo l og i c  aspects of coa l m i n i ng and ut i l i zat i on .  The techn i ca l  sess i on s  commenced 

w i th an exce l l ent ta l k  by D r .  Wi l l i am Spackman , J r . ,  of The Penns y l van i a  State Un i ve rs i ty ,  
o n  "Coa l -fo rm i ng p rocesses i n  the swamps and ma rshes o f  Georg i a  a nd F l or i da , "  and f i n i s hed 
w i th a cha l l eng i ng d i scuss i on by D r .  A l l en G .  Thurman , of D'Appo l on i a  Consu l t i ng Eng i neers , 
ent i t l ed "Geo l og i c  a s pects of env i ronmenta l pl ann i ng and rec l amat i on . "  Thus the ent i re 
gamut was spanned , f rom the ear l y  genes i s  of coa l i n  the peat swamps to the i mportant re
s pons i b i l i ty of i ndustry to su i tab l y  rec l a i m the l and from wh i ch the coa l has been extrac
ted . We be l i eve our goa l -- to acqua i nt the coa l geo l og i st w i th the my r i ad a s pects of ex
p l o rat i on ,  deve l opment , ma rket i ng,  and ut i l i zat i on of coa l -- wa s atta i ned w i th the p resen
tat i on of 1 9  papers In the fou r techn i ca l  ses s i on s .  An add i t i ona l benef i t  ach i eved was 
the br i ng i ng together, for per i ods of i nformal d i scuss i ons , conce rned i ndfv i dua l s  repre
senting a b road spectrum of the coa l bus i ness -- broad i n  the sense both of spec i a l ty and 
of geog ra phy. To round out the confe rence , two prom i nent geo l og i sts  presented exce l l ent 
ta l ks at ou r Monday l uncheon and d i nner ses s i ons : D r .  W i l l i am L .  Fis he r ,  then Ass i stant 
Sec retary , M i ne ra l s  and Energy , U . S .  Depa rtment of the I nter i o r ,  s poke on an "Update on 
Federa l coa l po l i cy" ; a nd Pau l  Ave r i tt ,  now ret i red f rom the U . S .  Geo l og i ca l  Su rvey , pre
sented a thought-provok i ng d i scou rse on "The way we must go. "  

Woven th roughout the s ympos i um wa s the thes i s  that Western coa l i s  p l ay i ng a n  i n
creas i ng l y  i mportant ro l e  i n  the Nat i on's energy supp l y  p i ctu re . Accord i ng to data pub
l i s hed by the U . S .  Geo l og i ca l  Su rvey , the Weste rn States ( i nc l ud i ng A l a ska and Was h i ngton) 
conta i n  ove r 75 pe rcent of the tota l esti mated coa l resou rces rema i n i ng in the ground i n  
the Un i ted States , o r  a pprox i mate l y  2 . 995 tr i l l ion  tons , a s  of January I ,  1 974 . 

I n  sum,  th i s  sympos i um f i l l ed a very i mportant need , the need to f i nd out more 
a bout our " B l ack  Ace i n  the Ho l e" -- coa l , a resou rce about wh i c h  there i s  more ignorance 
tha n knowl edge , more confus i on than fact. To quote from "The Amer i cans : 1 976," by I rv i ng 
Kr i sto l  a nd Pau l  Weave r :  

"To understand our confus i on 
t r i umph over that con fus i on .  
a s  confus i on ,  rather than a s  
ach i evement . "  

i s  to ach i eve a m i nor but cruc i a l  
Even to unde rstand ou r confus i on 

someth i ng e l s e ,  i s  no neg l i g i b l e  

The s ponsors o f  th i s  s ympos i um attempted to obta i n  manusc r i pts  f rom the a uthor(s) 
of each of the techn i ca l  papers presented . The major i ty of the authors d i d  subm i t  manu
scr i pts for the Proceedings i n  a t i me l y  fa s h i on :  1 4  of the papers presented are reproduced 
i n  the i r ent i rety ; of the rema i n i ng f i ve ,  on l y  the i r abstracts a re i nc l uded i n  th i s  vo l ume . 

The papers i nc l uded i n  the Proceedin?s were , for the most pa rt , g i ven qn l y  a modest 
amount of ed i t i ng and , as  a consequence , thel� sty l e  i s  not necessa r i l y  i n  acc6rdance w i th 
that of the usua l publ  i cat i ons of the Co l orado Geo l og i ca l  Survey . 

The Ed i tor was g i ven cons i dera b l e  a s s i stance i n  the p reparat i on of th i s  publ i ca t i on 
by the fo l l ow i ng i nd i vidua l s ,  to whom he expresses h i s  s i ncere apprec i at i on :  Mered i th Y .  
Curt i n ,  Wanda Reh ,  and Janet E .  Schu l tz .  However ,  the unders i gned assumes f u l l respon
s i b i l i ty for any error s ,  i nconsi stenc i es ,  or s hortcom i ngs of these Proceedings, as we l l  a s  
for the reg rettab l e  de l ay i n  the i r publ i ca t i o n .  

Ap r i  I 1977 

D. Ke i th Mu r ray 
Sympos i um Co-C ha i rman 
C h i e f ,  M i nera l Fue l s  Sect ion  
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WHY ARE WE HERE? 

JOHN W. ROLD: State Geologist and Director 

Colorado Geological Survey 

Denver, Colorado 80203 

As we evaluate the question , "Why a re we he re?" , 
we cou l d app roach the s ubj ect f rom many dif fe rent an
gle s .  The eval uation ce rtainly must incl ude-'the "En
e rgy C risis . "  I guess if we ask  the question , "Why 
a re we here?" , some peop l e  would answer , "We a re he re 
because some Arab was greedy and wa s trying not on l y  
to make mo re money , b ut to use oil a s  a po l itica l too l 
to dominate the world . "  Some would an swe r ,  "We are 
here beca use of gove rnmenta l bungl ing, because gove rn
ment was not able to solve future ene rgy p roblems a
head o f  time ; was not ab l e  to p rovide enough ene rgy in 
the fo rm o f  oil and gas and , the refo re ,  allowed lines 
at service stations du ring the highly visib l e  'crisis' 
of 1 97 3 . "  Othe rs would answe r ,  "We a re here because 
the oil companies a re a bunch o f  money-grubbing corp
o rations trying to hold up the American pub l ic , and 
we a re here as  a res u l t  o f  tha t . "  Maybe we a re here 
because peop l e  a re 1 ike rabbits . At l east , they a re 
increasing 1 ike rabbits , not on l y  in the United States , 
b ut all ove r  the wo rld . Eve ry one in that rapidly in
creasing populace ha s an inc reasing appetite and ,  pa r
ticu l a rly , an increasing appetite and need fo r ene rgy . 
They have begun to rea l ize that ene rgy is what makes 
the wo r l d  go ' round . I t ' s what gives us our stan da rd 
Jf l iving. I t's what al l ows us to achieve a society 
such as we enjoy today . I don ' t  be l ieve things a re 
�oing to change . Human nature ,_ human wants , and human 
jesires a re going to remain p retty much the same in 
the foreseeable future . This wi l l  fo rce an eve r-in
:reasing demand fo r ene rgy . 

A l so ,  I ' ve never been a round a g roup of peop l e  
:hat didn ' t  have meetings almost a s  a ritual .  I guess 
)ne cou l d  answe r that a group of peop l e  with common 
nte rests a l ways  bands  together to ca rry out the old 

:riba l custom of getting togethe r and having a meeting. 
le've p roba b l y  gathered he re fo r a combination o f  a l l 
:he above reasons .  

C e rtainly , down the road some p l ace , at some time , 
dstorian s  are going to l ook back on the Fos sil - Fue l 
Ige j ust 1 ike we l ook ba ck on the Stone Age , the B ronze 
Ige , and the I ron Age . My hope is that we , as  geolo
lists , wil l be able to fu rnish enough fos sil -fue l en
rgy so that the t ransition out of the Fos sil - Fue l Age 
nto some othe r yet pos sib l y  unknown , untho ught-of ,  
,ge wi l l b e  a n  o rde r l y transition ; that the human so
iety , as  we know it , wil l  be able to s u rvive that 
ransition f rom the Fos sil - Fue l Age to some othe r .  

,ee coa l providing some o f  the ene rgy to d rive and to 
'ue l that transition . 

What are some o f  the problems as we go out o f  the 
:ossi l - Fue l Age? Certain l y ,  P roj ect I ndependence was 
In attempt by one governmental agency to give us a 
) l uep rint and to te l l us how we might be ab l e  to get 
jut of the Fos sil - Fue l Age a l  ive . O f  course , eve ryone 

I Ii 

doesn ' t  agree with their b l uep rint , and many  people 
have contended we shou l d change certain pa rts o f  the 
b l ueprint . Obvio us l y ,  many pa rts of the b l ueprint a re 
j ust not attainab l e .  The re is no way that it cou l d be 
total l y  achieved , but certain l y  it is an indication o f  
the national a n d  societa l needs fo r ene rgy ove r the 
next decades and p roposes  one possible so l utio n .  What
ever  b l uep rint one might choose  to so l ve society ' s  en
e rgy problem must  give coa l a major role ove r  the next 
seve ral decade s .  

Let ' s  l ook at some o f  coa l 's competition . Oil and 
gas ha s traditiona l l y  been cheape r ,  c l eane r ,  and def
inite l y  advantageous ove r  coa l for many use s .  Howeve r ,  
many serious prob l ems constrict o u r  re l iance on oi l 
and gas . Many o f  you p roba b l y  are awa re that we re
cent l y  passed quite a mil estone in oi l and gas p roduc
tion and con sumption in Americ a .  We j ust recentl y 
moved into the unenvia b l e position whe re we a re import
i ng more 0 i I i nto the Un i ted States than we a re p roduc
ing. Ove r 50 pe rcent of our total oil cons umption is 
now imported . That is quite a mil estone in my mind . 
But , nota b l y ,  the on l y  pUb l icity I saw on it wa s back 
on pages 1 7  and 2 7 .  To me, that fact should have made 
front page hea d l ines . The p ress ' handl  ing of that sig
nificant in fo rmation itself tru l y indicates the depth 
o f  our  p roblem. The Arab oil emba rgo a ffected us se
ve rely when we were on l y  importing somewhat l es s  than 
one-third of our consumed oil . I wonder what an em
ba rgo wil l be l ike when we are con suming 75 pe rcent 
fo reign oil . 

A l so ,  oil and gas are too precious to burn . The 
current and future needs of society fo r petrochemic a l s 
and l ubrication a re so great that I think it ought to 
be a hanging offense to bu rn natura l ga s o r  fue l oil 
to p roduce e l ectricity . All peopl e ,  of course , don't 
agree , but I real l y  think that if you l ook at the l ong
range needs of society , it sho u l d be considered a c rime 
to burn natu ra l ga s and oil for e l ectrica l power.  

Nuc l ea r ,  of cou rse , has many prob l ems ; some rea l 
and some imagine d .  A combination of the two is going 
to ho l d  that competition down. Oil sha l e  is se riously 
a ffected by what I ca l l the "Big T riple E" - the p rob
lems of Economics ,  Envi ronment , and Emotio n .  These 
have been the s ubj ect of many specific meetin gs . 

Coa l , undoubtedly , p rovides a l a rge part of the 
answer to the ene rgy dilemma , and is a l ready unde r
going inc reased demand. Each of you has your own fig
ures in the back o f  you r  mind to document that increas
ing deman d .  A s  a n  exampl e ,  Ga ry G l as s ' predictions o f  
futu re coa l p roduction i n  Wyoming l ook l ike they a re 
a l most asymptotic to the ve rtic a l  axis a s  they a re 
p l otte d .  One wonders if it is pos sib l e  to a ctual l y 
dig that much coa l , but when one sta rts l oo king at the 
facts and the figu res , it's not on l y  pos sib l e ,  it ' s  



proba b l e that coa l product ion i n  Wyom i ng i s  go i ng to 
go t hrough the roof .  I n  Co l orado , we 1 i kew i se are 
see i ng a tremendo us i ncrease . Back in 1 96 3 ,  Co lorado ' s 
prod uct ion wa s 3 . 7 mi l l ion ton s .  I n  1 975 , i t  wa s i n  
excess  o f  8 mi l l i on ton s .  Pred i ct i on s  are s i m i l ar ,  
though smal l er i n  sca l e ,  to Wyom i ng ' s .  

The most recen t attempt to try to pred i ct the 
future wa s made by the Subcomm i ttee to Exped i te Energy 
Deve l opment , Joseph B .  Sm i th ,  Cha i rman (U . S .  Bureau of 
M i ne s ) , and t he Soc i oeconom i c  I mpact s of Natura l  Re
source Deve l opmen t Commi ttee , Russe l l W .  F i tch , Cha i r
man ( U . S .  Env i  ronmen ta l Protect i on Agency) , i n  the i r 
publ  i cat i on , A Lis ting of Proposed, Planned or Under 
Cons t:t'UCtion Energy Projects in Fe deral Region VIII, 
A Joint Report (August  1 975) . These comm i ttees are 
part of the l arger Comm i ttee on Energy and Env i ronment 
of the Denver Federa l Execut i ve Board , Dud l ey E .  Favor , 
Cha irman . Th i s  report i nd i cates that 33 new coa l mi nes 
are p l anned and programmed for the sta te of Co l orado . 
A s i mp l e  add i t ion of the i r  prod uct i ve capac i t i es comes 
up w i th 36 m i l l ion tons of coa l prod uct ion in Col orado 
in the 1 980-82 range . Even i f  these f i gures are accu
rate by on l y  a factor of 50 percen t ,  they certa i n l y  
document the tremendous need for coa l . 

As geo l og i sts , we ' re go i ng to have to prov i de the 
l eadersh i p  to f i nd and produce th i s  coa l  in a means 
wh i ch i s  econom i ca l l y  sound and wh i ch i s  env i ronmenta l 
l y  sound .  We ' l l  a l so have to prov i de some of the l ead
ersh i p  to str i p  that th i rd "E" from the prob l em - the 
Emot ion. These que s t i ons then l ead to th i s  meet i ng .  
Where are geo l og i s t s  go i ng t o  develop the expert i se 
that i s  go i ng to be needed? Mos t  coa l geo l og i sts  are 
retreads I i ke myse l f .  They d i dn ' t  s tart out from 
schoo l as coa l geo l o g i s t s  - they started out a s  some
th i ng e l se .  Un i vers i t i es are not t urn i ng out coa l ge
o l og i sts  in l arge numbers . Proba b l y  on l y  a handfu l of  
geology departmen ts  in  the  Un i ted States  t urn out grad
uates who would l ook upon themse l ves as  qua l i f i ed to 
be coa l geolog i sts  w i thout a tremendous amount of add i 
t i ona l work and tra i n i ng .  Even i f  the un i vers i t i es 
were now beg i nn i ng to tra i n  coa l geo l og i st s , the ed uca
t i ona l l ag t i me  to t urn these peop l e  o ut i s  a l most a s  
l ong as  the l ag t i me  t o  deve l op a new s tr i p  m i ne. There 
are very few spec i f i c  courses i n  t he un i vers i ties , at 
l ea s t  in th i s  part of the country , tha t  are or i en ted 
towards coa l . Ta ke stra t i graphy as  an examp l e .  Every
body who i s  teach i n g  strat i graphy , i f  t hey have any 
i ndustr i a l  exper i ence a t  a l l ,  re l ated i t  to o i l  geo l ogy, 

Iy 

1 sma tter i n g  of m i n i ng . As a 1 i t t l e  ex-
w i th pos s i b  y a . d of t hose . nt here I wou l d  1 1 ke to see the han s . pe r I  me , I '  . n t he un I -

I who were tra i ned as coal geo o g l s t s  I 
1 1  peop . � and when they l eft t he uni vers i ty ,  ac tua y 

v�:��e� '
on be i ng a coa l geo l og i st .  Can I see

.
the . hand! 

bbV ious l Y ,  they certa i n l y  represent � smal � m l nor�ty . 

So that i s  real l y  t he reason for haV i ng t h i S  meeting . 
. 'd a pa i n l ess retread process  to a bunc h 

I t  I S  to provi e . '  I f  
of o l d ,  broken-down o i l  geo l o g i st s  1 I ke mys e  , so tha 

we can l earn someth i ng a bou t coa l  geo l ogy . 

I not i ced th i s  type of def i c i ency i n  myse l f and i 
my own s ta ff . La st  year , I s pent wha t I t hought was a 

s i zea b l e  chunk o f  Col orado Survey budge t  money and sen 

Ke i th Murray back to a one-wee k  coa l geo l ogy s hort

course i n  West  V i rg i n i a .  Ke i th returned and sa i d  he ' d  

l earned more about coa l geo l ogy i n  that  week t han he 

t hought he ever wanted to know . Reg�etab l y ,  very l i t

t l e  of that meet i ng was c l ose l y  app l i ca b l e  to Rocky 

Mounta i n  coa l geo l ogy . He d i d n't t h i nk he needed to 

know too muc h about Pennsy l van i a  and Wes t  V i rg i n i a coa 

geo l ogy , part i c u l arly i n  those Penns� l van i a n  roc;:ks .
. 

That  d i scus s ion wa s t he germ of the I dea of haV i ng thl 
meet i ng .  O f  course , k i c k i ng off a mee t i ng or t h i nk i ng 
about i t  i s  an awfu l  l o t  I i ke a man ' s  hav i ng a baby . 
The concept i on and t he i n i t i a l  i dea i s  j us t  a heck of i 
a l ot of fun . Then , you turn the projec t  over to some 
body e l se who goes tn-rough sever a l  months of l abor and 
pa i n  to br i ng for th a mee t i ng l i ke t h i s .  Hopefu l l y ,  
the parents o f  t h i s  offspr i ng w i l l  a l l be proud , and 
i t  w i l l  grow up to be a strapp i ng young adu l t ,  or at 
l ea s t  ado l escen t ,  before t he next few days have passed 

The thrust of th i s  mee t i ng was to try to co l l ect 
t he l ead i n g  experts i n  t he i r  f i el d ,  a ss i gn t hem a topi 
and a s k  them to s hare t he i r knowl edge w i th t hose of u 
who aren ' t  as exper i enced and maybe aren ' t  as smart.  
I t  wa s p l anned as  an educat i ona l "boot s trap" operat i on 

The t urno ut of the peop l e  that t he comnn i ttee i n
v i ted to ta l k  to and wi t h  you ha s been exce l l ent . Th 
part i c i pa t i o� i n  terms of n umbers , i n  terms of the 
d i s ta nce t ha t  peop l e  were w i l l  i ng to come , i n  terms 0 

the broad spread of i nd ustry , a cadem i c  i ns t i tut ions , 
and governmenta l agenc i es from a l l o ver the co untry , 
not on l y  i nd i ca tes  the tremendous i nterest  i n  Rocky 
Mounta i n  coa l , but  certa i n l y  rat i f i e s  our reason i ng i I 
hav i ng t h i s  meet i ng .  I trust  t ha t  i t  w i l l  be s uccess 
fu l , and that a t  the end of the meet i ng ,  my fee l i ngs I 
and your fee l i ngs  w i l l  be as grea t a s  my expecta t i ons 
'3re now . 
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IBSTRACT: Palynolog i ca l  and petro l og i cal stud i �s of coa l have been close l y  related a s pects of coal geo l og i ca l 
qnvest i gat i on s  for many years . The use of palynology to help reso l ve Pa l eozo i c  coal correlat i on problems i n  
"'Jn i ted States , Canada , and Europe i s  we l l  known . The use o f  petro l ogy to evaluate blends  o f  coa l to produce 
inetal l urg i c a l  coke of opt i mum qua l i ty i s  l i kewi se we l l  known . 
� More recent l y ,  both pa l ynology and petro l ogy have been used to eva l uate o i l  and gas potent i a l . Color 
:�hange in spores and pollen gra i n s ,  extracted by the macerat ion proces s ,  has been re l ated to depth of bur i a l  
�)r thermal altera t i on . S i m i lar l y ,  reflectance of organ i c  matter can be measured and related to thermal alter-

I n  res ponse  to i ncreas i ng demands for l ow-sulfur coal , emphas i s  has s h i fted from Paleozo i c  coa l 
�jepos i ts of ea stern Un i ted States to the vast Mesozo i c  and Cenozo i c  coa l resources of western Un i ted States . 
2'alynol ogy undoubtedly w i l l  p l aya major ro l e  i n  so l v i ng geolog i cal prob l ems encountered i n  these depos its . 

,NTRODUCT I ON 

Henry W i tham ( 1 83 3 )  of Eng l and pUb l  i s hed some 
rawlngs of orga n i sms observed i n  th i n  sect i ons of 

:annel coa l . W i tham wa s uncerta i n  as to what these 
'rgan i sms were , but thought they were of plant or i g i n 
ives sels).  The organ i sms s hown i n  one of W i tham's 
Traw i ngs and i n  F i gure I are spores as s i gned to the 
"enu s Densosporites . Spec i es of th i s  genus have been 
,eported from Devon i an ,  M i s s i s s i pp i a n ,  a nd Pennsyl
'an i an rocks from many p l aces in the world . Franz 
:',chulze ( 1 855)  i n  Germany d i scovered that coa l could 
:,e macerated u s i ng chem i ca l s so that undamaged spores , 
'�llen gra i n s ,  cut i cle , res i n  rodlets ,  and other p l ant 
"ema i n s  were recovered in the res i due.  The macerat i on 
:,ethod cons i sts of two phases : the part i a l  ox i dat i on 
·f coal and the d i spersa l of hum i c  matter . The res i s
�3nt plant debr i s  i s  thus freed and can be i so l ated for 
' i croscop i c  exam i nat i on .  Oxygen from Schu l ze's so l u

c i on ,  wh i ch i s  a m i xture of n i tr i c  ac i d  and a saturated 
�ueous solut i on of pota s s i um chlorate , can be used to 
3rt i ally ox i d i ze the coa l , form i n g  ox i des of carbon , 
3ter , so l uble ac i d s ,  hum i c  ac i ds , etc . Other ox i d i 
i ng agents may be used but Schulze's solut i on i s  the 
Jst common . The speed of the react i on of Schu l ze's  
J l ut i on w i th coal can be a l tered by heat or by  i n
rea s i ng the concentra t i on of the n i tr i c  ac i d .  The 
K i d i zed coa l i s  then washed w i th water to remove the 
c i d .  I n  the second phase o f  the macerat i on proces s ,  
he part i al l y  ox i d i zed coa l i s  covered w i th a 1 0  per
ent so l ut i on of pota s s i um hydrox i de ;  th i s  phase resu l ts 
n a release of hum i c  matter ( heavy brown l i qu i d) and 
n i nsoluble port i on conta i n i ng the preserved bota n i c  
ngred i ents . 

Paulus F .  Re i nsch ( 1 884)  reported on the oc-
urrence of orga n i sms found i n  coal from Russ i a  and 
axony .  H e  bel i eved the organ i sms were o f  algal or i 
i n ,  but Benn i e  and K i dston ( 1 886)  conc l uded i n  the i r  
eport on the Carbon i ferous coals o f  Scotland tha � �he 
rga n i sms i n  coal were spores and not of a l gal orig i n .  
urther , Benn i e  and  K i dston reported the " . . .  traces 

'976. Symposium on the Ceo �ogy 
'f Roaky Mountain Coa�, p. 1-7 1 

of org i n i zat i C'n . . .  " of W i tham ( 1 833 )  were l i kew i se 
spore s .  I t  i s  now well known that Benn i e  and K i d ston 
were correct , a l though the presence of a l gae i n  coals 
subsequent l y  became known . As a matter of fact , alga l 
coals or boghead coals as they are ca l led , are known 
from A l a s ka ,  Austral i a ,  France ,  Scotland , South 
Amer i ca ,  and Un i ted States .  Another name appl i ed to 
algal coa l s  i s  torban i te .  

F i gure 2 shows a th i n  sect i on o f  a Pennsyl
van i an coa l from I I I  i no i s  ( Kosanke , 1 951) i n  wh i ch 
opaque attr i tus forms the matr i x  around a l arge alga l 
colony .  These algae have attracted attent i on over 
the years because the nature of the i r  th i ck wa l ls i s  
such that o i l  can be d i st i lled . Blackburn and Tem
perley ( 1 936) have shown that algae of th i s  type are 
i n  fact i dent i f i able w i th the modern spec i es Botryococ

CUB ,braunii. Th i s  a l ga i s  w i dely d i str i buted through
out the lakes of Un i ted States . Traverse ( 1 955) re
v i ewed the occurrence of Botryococcus in I i gn i te and 
other Tert i ary sed i ments and ment i oned o l der occurrences , 
i nc l ud i ng Dav i d  Wh i te's ( 1 906) report on the presence of 
algae i n  o i l sha l e  of Ordov i c i an age from I I I i no i s .  
Botryococcus i s  a foss i l  of cons i derab l e  antiqu i ty 
whether or not i s  i s  present i n  the Ordov i c i an of 
I I I i no i s .  

Re i nhardt Th i es sen , i n  h i s  work w i th the U . S .  
Bureau of M i nes from about 1 9 1 0  to 1 93 8 ,  stud i ed struc
ture and corre l at i on of Pa l eozo i c  coa l s .  Th i es sen 
and h i s  co l leagues , dur i ng the i r  ear l y  stud i es ,  re-
f i ned the coal-thln-sectlon method for petrograph i c  
and pa l ynolog i cal analyses .  F�om these stud i es, to
gether w i th carbon i z i ng properties of coal , much 
ba s i c  data were obta i ned . Th i essen ( 1 9 1 8 ) suggested 
the pos s i b i l i ty of correlat i ng coals by the presence 
of character i st i c  ex i nes . Th i essen and Staud ( 1 923)  
further d i scus sed th i s  top i c; and Th i essen and Wilson 
( 1 924 , p .  20) concluded after a ser i es of i ntens i ve 
stud i es of coal th i n  sect i on s  from var i ou s  coal beds 
that,  "As a result of th i s  i nvest i gat i on i t  has been 
found poss i ble to correlate each bed by means of spores 
and other structures found there i n . "  Th i essen and W i l son 
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Fig. I Thin section of the Reynoldsburg coal, Lower 
Pennsylvanianof Illinois, with abundant specimens of 
Densoaporitea (X440). 

Fig. 2. A large algal colony of Botryooooous braunii 
in a groundmass of opaque attritus (X425) from a Penn
sylvanian coal in the Abbott Formation of the McCor
mick Group of Illinois. 

(1924) characterized the Pittsburgh No.8 coal by the 
presence of the "Pittsburgh" spore and the "Pittsburgh" 
megaspore. Thiessen (1932) referred the "Pittsburgh"" 
spore to the "Pittsburgh" microspore for which Kosanke 
(1943) proposed the formal name Laevigatosporites 
thie aaenii (Fig. 4-A). Today this species Is known 
as Thymospora thiessenii (see Wilson and Venkatachala, 
1963). This spore is small, generally less than 25 
microns in maximum diameter, with a thick, distinctive 
spore coat and a monolete aperture. The "Pittsburgh" 
microspore of Thiessen is indeed an abundant guide 
fossil to the Pittsburgh No.8 coal, but we now know 
from Clendening (1974) and others that this species 
is not restricted to the Pittsburgh No.8 coal. It 
occurs sparsely in other coals in this part of the 
stratigraphic column. The work of Thiessen and his 

f h" sections 
associates demonstrated the use 0 coal t In 

for petrology and palynology. Thiessen and staud 

(1923, p. 20) reported, "The spores may be sep�rated 

out of coal by digesting the coal with Schulze s 
nd subsequently treating with dilute ammonia." The 

�aceration method was known to Thiessen but �pparentl 
was not used extensively. Today the mace�atlon �et 
is used in palynological studies because It permits 
study of complete specimens. . We have discussed the maceration 
extract plant microfossils from coal, but not the 
collection and preparation of samples. Coal cores a 
ideal samples when they are avai lable and are cut in 
half with a carborundum saw (dry). A small segment 
of one-half of a core (Fig. 3) is cut off the entire 
length of the core. This complete ribbon or bed
profile sample is subdivided into bench samples, 
usua I I  y not more than 12 in. (30 cm) in 1 ength 
(Fig. 3). The remaining portion of this half of the 
core can serve as a reserve sample or be used for 
petrographic analysis. The other half of the core 
can be used for chemical analysis. Collection of 
crop samples (Fig. 3) should be a continuous ribbon 
or bed-profile sample. It is often necessary to re
duce the size of these samples for maceration, and th 
can be accompl ished through the use of a riffle. 

Our primary Paleozoic coal resources are of 
Pennsylvanian age. Coal of Devonian and Mississippi 
age is not very common, although it can provide im
portant information about past plant I ife. Pennsyl
vanian rocks, according to Wanless (1969, p. 294-297) 
are widely" distributed on the North American conti 
from Ellesmere Island in the north to southern Mexi 
and central Guatemalp on the south. The eastern 

OUTCROP SAMPLE 

-� -=---==== -----::-= A 

B 

C 

o 

E 

f 

CORE SAMPLE 

-� ---=------= - --- --
- - - - - -

- - - - - -

X- SECTION 

Fig. 3. Procedure for collection of palynological samples from outcrops and diamond drill cores. Six samples (A-F) are collected, and the coal I 
(8 ) •  f samp es , D, and E are rl fled to reduce the . 

to the proper amount for maceration A 
s�m�:e size 

of samples from a core is obtained by c 
�I�I ar set 

core in half and then slicing off a pa 
u tlng the 

(black). A continuous ribbon of Coal 
rt as shown 

sample is macerated. For additional .o
f
r a bed-profl 

I I  I I n ormatio samp ng coa beds, see Schopf ( 1 960) . n on 
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,g. 4 . Spores and pollen grains from Mississippian, Pennsylvanian, and Permian rocks. A.--Thymospopa thiessenii 
:7 1 0 ) , B.--Rotospopa fpacta ( X 7 1 0 ) , C.�-TPi�artit�s vetustus ( X 7 1 0) , D.--DensospoPites ippeguLaPis ( X 7 1 0) , E . -

r
l.aruiispom spino�a

, 
( X450) , F .--Punctat�spontes 

,
s'l-nuatus, (X450) , G.--Thy"!ospo�a pseudot�iessenii ( X 7 1  0) , H . -

�niduZus diamph'l-d'l-oS ( X 7 1 0) , I.--Laev'l-gatospontes ovaZ'l-S ( X 7 1 0) , J.--V'l-ttat'l-na costab'l-Zis ( X 7 1 0) , K.-- Hamiaf)ZZenites pePispoPites ( X7 1 0 ) , L.--Schopfites diamopphus (X450), and M.--PityospoPites communis ( X 7 1 0 ) . 
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margin of Pennsylvanian rocks is in Nova Scotia south
ward through Canada to Boston and Narragansett basins 
in Massachusetts and Rhode Island to the Appalachian 
basin from western Pennsylvania to Alabama. Pennsyl
vanian rocks occur westward to Nevada and Cal ifornia, 
with isolated occurrences in Oregon, Washington, and 
western Canada. Wanless (1969, p. 296) reported that 
the thickness of Pennsylvanian rocks varied from a few 
feet to 25,000 ft (a few meters to 7,500 m). Penn
sylvanian coals are largely confined to eastern United 
States. A few coals of Permian age are known but they 
are not of much commercial importance. 

D ISTR IBUTION AND APPL ICATION OF SELECTED PALEOZO IC 
PALYNOMORPHS 

The use of palynology for Paleozoic coal 
correlations in United States, Canada, and Europe is 
well known. Knowledge of its usefulness is based on 
information gathered for the most part during the 
past 25 to 30 years. As a result of this accumulation 
of data, it was possible to postulate, for a recent 
lecture, selected palynomorph range zones for a new 
coal program in the state of Iowa. This is something 
that could not have been attempted 25 years ago. The 
reason coal correlations are possible results from 
the fact that, thoughout geologic time, changes in 
plants occurred that are reflected in their recover-

. able spores and pollen grains. These changes with 
geologic time are sometimes rapid and sometimes slow. 
As a consequence, some coals are characterized by 
significant changes in their spore-pollen assemblages, 
whereas other coals can be identified only with great 
difficulty. 

A few Mississippian guide spores and pollen 
grains are Tripartites vetustus (Fig. 4,C), Rotaspora 
fracta (Fig. 4, B), and Grandispora spinosa (Fig. 4,E). 
Tripartites vetustus is a radial, tri lete spore having 
concave interradial margins and prominent auriculae 
that are fluted or folded and widest at the radial 
margin. Rotaspora fracta is a radial, trilete spore 
having a more or less triangular body which is con
cave or convex interradially with a zona which is 
narrow radially and broad interradially. Grandispora 
spinosa is radial and tri lete, with a central body 
enclosed by a bladder having numerous spines. 

Two species that span the Mississippian
Pennsylvanian boundary are SchuZzospora rara (Fig. 
7,A) and Densosporites irreguZaris (Fig. 4,D). 
SchuZzospora rara is radial, trilete, and ell iptical 
in outline. The body is spherical and surrounded by a 
bladder, and both body and bladder have a punctate 
sculpture. Densosporites irreguZaris is radial and 
trilete, and the body is surrounded equatorial ly by 
a dense cingulum which thins irregularly toward the 
margin, having the appearance of spokes of a wheel. 
Perhaps the next species should be included with the 
previous two, because it has been reported from 
Mississippian and Pennsylvanian strata, but I have 
observed it thus far only in Pennsylvanian rocks. 
This is Punctatisporites sinuatus (Fig. 4,F), which 
was originally described by Artuz (1957) from Turkey. 
TriniduZus diamphidios is an unusual species origin
ally described by Fel ix and Paden (1964) from Lower 
Pennsylvanian rocks of Oklahoma and Texas. This 
species (Fig. 4,H) has been observed in a roof shale 
of a coal bed in the Pennsylvanian part of the Lee 

seudo-Formation of eastern Kentucky. Lycospora P . . 1 '1 . th an equatorll 
annuZata is a radla , trl ete spore WI 
structure (cingulum). This species is prese�t more 

f M· · · · to Middle or less continuously rom ISSlsslpplan 
Pennsylvanian time. . 

Bilateral, monolete spores are.
common I� many 

Pennsylvanian coals, and Laevigatospo��es ovaZ�s 

(Fig. 4, I) will serve to illus:ra:e this tYP:
b

o
l

f 
spore. In the space available. lt IS not POSSI e to 
do more than paint a picture With a broad brush. 
Kosanke (1950) described a new genus fro� the Col
chester (No. 2) coal and name? it Scho�f�tes: Th: 
type species, S. dimorphus (Fig. 4,L). IS radial: IS 
trilete and has dimorphic ornamentation; that IS, 
differe�t types of ornamentation on proximal and dis
tal surfaces of the spore. It also has a restricted 
range zone, being found in a narrow band of Middle 
Pennsylvanian coals, and thus has value for corre
lation purposes. Thymospora pseudothiessenii (Fig. 
4,G) is simi lar to T. thiessenii (Fig. 4,A) but is 
significantly and consistently larger and occurs in 
Middle rather than Upper Pennsylvanian coals. 
T. pseudothiessenii has a reasonably short range zon 
in coals. It is restricted to a zone from just belo 
the Colchester (No. 2) coal and ends at about the Des 
Moinesian-Missourian boundary. It is at about this 
time that the lycopsids decl ine and pteridosperms or 
seed ferns and gymnosperms increase. Pi tyosporites 
communis (Fig. 4,M) is morphologically similar to moc 
pine pollen, even to the distally inclined bladders . 

Pityosporites is present in Pennsylvanian, Permian, 
and younger rocks. 

In the Permian Period many more changes in 
the spore-pollen assemblages are obvious. Only two 
such changes will be mentioned here. Striate bisac� 
pollen grains are now common, and a special taxon of 
this type is HamiapoZZenites (Fig. 4,K). The groove 
or striations are on the proximal surface and the re 
tively small bladders are not distally inclined. 
Vittatina costabiZis (Fig. 4,J) is a common Permian 
taxon having grooves or striations on the proximal 
surface and one or more distal bands. Morphological 
Vittatina is similar in some respects to WeZwitschia, 
a rare modern xeric gymnosperm. 

The practical appl ication of the use of guid 
fossils has resulted in numerous coal correlations, 
and two examples will be mentioned here (see Kosanke 
1974, P. 12-19). The first example is the correlati 
of the Princess No. 6 coal of northeastern Kentucky 
with the Lower Kittanning coal of Ohio, Pennsylvania 
and West Virginia. Wanless (1939, p. 72) correlated 
the Colchester (No. 2) coal of Illinois with the Lo 
Kittanning coal, and although there are some minor 
palynological differences between these two coals, 
a correlation seems reasonable. A palynological com 
parison of the Princess No. 7 coal from eastern Ken' 
tucky with the Middle Kittanning coal of Ohio, Penns 
vania, and West Virginia suggests a correlation be
tween these two coals. 

D ISCUSS ION OF SELECTED PALEOZO IC AND M ESOZO IC PLANTS 
Along with increased interest in Pennsylvani

' 
spore-pollen assemblages from coals th h b . . ' ere as een commensurate Interest In fructification 1 organs that originally produced the sp 

s or the pan 
grains. These fructifications may occ

ore� and polle 
ur In coal bal 
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A PEEL OF A CRooS-SECTION OF TREE FERN FROM AN ILLINOIS COAL BALL 
Psaronius sp. 

AGE - PENNSYLVANIAN 

VB 

VB = VASCULAR BUNDLES (CENTER) 

LT � LEAF TRACES (HORSESHOE-SHAPED STRUCTURES) 

IR = INNER ROOT ZONE (SMALL ROUND STRUCTURES) 

OR = OOTER ROOT ZONE (LARGER STRUCTURES) 

�. 5 .  Coa l ba l l  pee l of a portion of a tree fern (Psaronius s p . )  from an 'Upper Pennsy l van i illcoa l of I l l ino i s  
�ou t  eight- t en t h s  n a t ura l  size ) . 

t hey may be preserved as compress i on fos s i l s .  The 
ores  or po l l en gra i n s  described from fruc t i f i ca t i ons  
e some t i mes ind i s t i ngu i sha b l e  from some of the 
s persed s pores  and po l l en gra i ns  i so l a ted from coa l s .  
is sugges t s  a re l a tion s h i p  of t hese d i spersed un i t s 

specific fruc t i fication s .  A M i dd l e  Pen n s y l vanian 
nd s�ape m i g h t  consist of a n  abundance of Lepidoden
In, sigillaria, and Cordaites, fo l l owed by var i ous  
rns ,  seed fern s ,  Calamites, and Sphenophyllum, 
<ing a mix t ure of arborescent and herbaceous p l a n t s  
3 t  have con t ribu ted t o  o u r  coa l s . 

How do we know wha t t hese p l an t s  l ooked 1 i ke?  
npre s s ion fossi l s found i n  roof sha l es and i ron
�ne concret i ons are he l pfu l and have provided much 
=orma t i on . Coa l ba l l s ,  formed in coa l , provide 
:h important  i n forma tion on t he anatom i ca l  deta i :s 
these p l an t s . These coa l ba l I s  or concre t i on s  are 

:en l arge l y  composed of ca l cium carbona t e ;  or , i n  
ne i ns t a nces , t hey are sil i ceous.  Coa l ba l l s are 
: ,  ground smoo t h ,  etched w i t h ac i d ,  and covered wit h 
' l od i on or a n  acetate  f i l m .  When dry , t he parl od i on 
acetate  f i l m can be pee l ed off the coa l ba l l ,  re

t i ng a t h i n  l ayer of p l a n t  ma teria l i n  t he proces s .  
Jure 5 i s  a photograph o f  a pee l o f  a n  Upper Pennsy l 
I ian coa 1 ba 1 1 f rom I I ii no i s .  Th i s  coa 1 ba Iii s 
lortion of a s t em o f  a tree fern named Psaronius. 
: va scu l a r  bund l es , l ea f  t races , and i nner and ou ter 
It zones are preserved . Ca l careous f i  l l i ng s  of 
'diocarpon seeds (F i g .  6)  were common l y  observed 
.m w i t h in a M i dd l e  Pennsy l va nian coa l of eas tern 
sas some years ago . The hard ou ter seed l ayers 
ear to have been coa l i fied. 

Fig . 6.  Ca l careous fil l i ng  o f  a Cardiocarpon s p . seed 
from wit hin a M i dd l e  Pennsy l van i an coa l of eastern 
Kan s a s .  

The Tr i as s i c  a n d  J u ra s s ic p l an t  record re
vea l s a vast l y  d i fferent scene from that  of t he Penn 
s y l van i an Period . The maj or con t r i b u tors to Lower and 
M i dd l e  Penns y l van i an coa l s ,  the l ycops i ds ,  are reduced 
i n  number and i mportance ; they are rep l aced by t he 
sphenops i d s ,  ferns , seed ferns , a nd gymnosperms , in 
c l ud i ng the cycad s and Araucarioxylon ariaonicum. 
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�aucarioxylon> a large arborescent tree, is a prom
Inent member of.the petrified forest of Arizona. 

Passi ng through much of the Mesozoi c, or age of gymno
sperms, to the Cretaceous Period, the plant record con
tinues to change because of the presence of flowering 
plants or angiosperms mixed with gymnosperms, ferns, 
and a minor amount of other plants. The presence of 
angiosperms heralds a signi ficant change in the vegeta
tion during Cretaceous time; along with this change, 
angiospermic residues (pollen and other plant re
mains) become a significant part of the coals of 
western United States during late Mesozoic and Ceno
zoic time. 

RESEARCH ON ENERGY RESOURCES OF WESTERN UN ITED STATES 

With increased demand for low-sulfur coals, we 
will see further development of these western coals. 
The question to be answered is "Will we be prepared 
to provide the necessary geologic information for 
maximum util ization of our energy resources?" The 
palynological investigations of Tschudy ( 197 1 ) ,  Lef
fingwell ( 1 97 1 ) , and many others will undoubtedly be 
most helpful in understanding the vegetative history of 
these western coals and will aid in correlation 
studies. Work on the petrology of our western low
sulfur coals has not kept pace with the palynological 
studies until recently, when studies on thermal alter
ation of organic matter were undertaken. Coal petrolo
gists have known for many years that in the coal ifi
cation process, as coal advances in rank, spores and 
pollen grains change color from 1 ight yel low to 
orange to reddish brown, etc. The process of vari
able coal ification is discussed in detail by Schopf 
( 1 948) . In ou r sea rch for energy resou rces, the 

appl ication of such information becomes a useful tool 
to locate 1 iquid energy. Burgess ( 1 974) indicated 
that the color of organic matter extracted from rocks 
correlates with the fixed carbon content. Hacquebard 
and Donaldson ( 1 970) in Canada, and Wilson ( 1 96 1 ) ,  
Bostick ( 1 97 1 ) ,  and others from the United States are 
seeking answers along these lines. In addition, Ep
stein ( 1 976)  has discovered that a similar color 
change occurs in conodonts. 

I have been working on a project with Forrest 
Poole of the U.S. Geological Survey, Denver, concerned 
with thermal alteration of spores, pol len grains, and 
other organic matter in western Paleozoic rocks as 
evidenced by color changes. Schulzospora rara (Fig. 
7 , A) from Mississippian rocks of western United States 
is in the orange color range and has a fixed carbon value 
of 50 to 55 percent. Another specimen of this same 
species (Fig. 7 , B) from Mississippian rocks of western 
United States is dark brown to black in color, indi
cating a fixed carbon content of 65 percent or more, 
which suggests that these rocks have 1 ittle or no 
petroleum potential. 

SUMMARY 

Palynology and petrology have a contribution 
to make in exploration of our western energy re
source rocks. This may be i n  the form of coal corre
lations, coal resource evaluations, study of coal and 
other rocks to understand unusual mineral distribution 
patterns, paleoenvironmental assessments of potential 

A 

Fig. 7 .  Schulzospora rara from �issi��ippian rocks 
western United States. A.--Speclmen IS clearly tr 
lucent in the yellow to orange range ( X 7 1 0). B.-
Same species from different Mississippian sample; 
this specimen is in the dark-brown to black range. 

source rocks for various commodities, and other a 
Whether or not we are wise enough to uti I ize the 
available in our search for energy resources, only 
time wi I I  te II • 
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STRATIGRAPHY AND TECTONICS OF WESTERN COALS 

ROBERT J. WEIMER : '  Colorado School of Mines 

Golden, Colorado 80401 

ABSTRACT : The C retaceous and  Tertia ry s t rata  of t he Rocky Mounta i n  region con ta i n  ext ens i ve coa l deposit s that  
accumu l a ted i n  coa s ta l p l a i n  and  a l l uv i a l  env i ronment s .  The  common swamp and  ma r s h  env i ronments  of in  situ coa l 
a re  channe l ma rgin swamps , coa s t a l  ma rshes , and channe l -fi l l swumps . Cha n n e l  ma rgin coa l environment s a re of 
two genera l types : ( 1 )  a rea l l y  rest ric ted back- l evee swamps that  pa ra l l e l  channe l s  and a l so a re the s i te 
a deposition o f  1 ig h t-co l ored l eached kao l initic c l ays tone ; and ( 2 )  more exten sive f l ood bas i n  swamps which a re 
common l y  as soc i a ted w i th l acus t rine deposits .  Thin l en t i cu l a r coa l s ,  der i ved f rom t he a ccumu l a tion o f  t ranspor ted 
organ i c  ma ter i a l , can be found i n  bot h  nonma r i ne and sha l l ow ma rine env i ronment s . 

The c r i tica l facto rs neces sary  fo r t he forma t i on of commerc i a l  th i cknesses of coa l a re :  ( 1 )  fresh , 
c l ea r  wa ter ;  ( 2 )  accumu l a t i on o f  l and-der i ved organ ics  on l y ,  ( 3 )  ba l ance between g round water  tab l e  and depos i t i ona l 
i n te r face ; ( 4 )  favo rab l e  c l  imate ; and ( S )  persistance of con d i t i on s  i n  t ime and space ,  and a favo ra b l e  basin-wide 
and/or l oca l t ecton i c  i n f l uence on sed i menta t ion . These conditions are  mos t  common l y  found i n  a l l uv i a l  and d e l ta 
p l a i n  depos i tiona l env i ronments . 

The occu rrence o f  penecontemporaneous (g rowth )  fa u l ts may i nf l u ence swamp env i ronment s  a nd con t ro l  t he 
t h i c knes s of peat a ccumu l at i o n .  Det a i l ed geol og i ca l  a n d  geophys i c a l  i nvest i ga t i ons  a l ong t he west ma rg i n  of 
the Denve r bas i n  indica te two types of g rowth fa u l t s  a re present i n  an Upper C retaceous de l ta i c  sequence : ( 1 )  deep
sea ted basemen t  fau l ts ,  and ( 2 )  sha l l ow- l i s t ric norma l fau l ts .  The l at te r  type was a pr i ma ry con t ro l  on sed i 
men ta t ion  i n  the  coa l -bea ring La ramie Forma t i on and determi ned whether o r  not the coa l beds a re of comme rcia l 
th i ckne s s . The l at e ra l con t i nu i ty of coa l in t he La ram i e  i s  int e r rupted by g rowt h  fau l t s ,  wit h  mos t of the 
mina b l e  th i cknes ses of coa l occu r ring on l y  in g ra ben s t ruc t u res . 

I NTRODUCT I ON 

Coa l resou rces in the Rocky Mounta i n  region 
are one of t he g rea t energy reserves in the wo r l d .  
Coa l occu r s  i n  rocks o f  C re taceous and ea r l y  Tert i a ry 
age s panning the  t i me interva l f rom 9S to SO m i l l  ion 
yea r s  b . p .  Despite m i ning a c t i vities for mo re than 
1 00 yea rs , deta i l s  of the  sed i mento l ogy of coa l a re not 
we l l known . When thick l ow- rank coa l s  a re s t rip-m i ned ,  
t he geo l ogy may be re l a t i ve l y  un i mportant  i n  exp l o ra t i on 
and deve l opmen t .  But  in the more common exp l ora t i on 
p rog rams for coa l bed s 3 to 8 ft t h i ck ,  geo l ogy be
comes ext reme l y  important  in understanding the con t r o l  
o n  t h i ckness va ria t ions a n d  a rea l d i s t ribution . This 
pape r d i scusses fou r a s pects  of the geo l ogy of western  

' coa l s : 1 )  factors con t ro l  1 i ng the forma t i on of commer
cia l th i cknesses of coa l ; 2 )  modern  env i ronmen t s  of 
pea t a ccumu l a t i on ;  3) environment s  of deposit i on of 

Iwes t e rn coa l s ;  and 4 )  tecton i c  inf l uence on coa l t h i ck-
f) ness in  the  Denver basin . 
! C re ta ceous coa l s  were depos i ted i� a pa l eo- . r geograph i c  sett i ng a l ong t he wes te�n ma rg i n  of an anc l e�t 

I sea that  spanned t he Western  I nter i or of the North  Amer i -
can Con t i nent  ( Fig . 1 ) .  Coa l swamps formed on coasta l 
p l a i ns be tween hig h l ands i n  t he �ord i l l : ran regio� and 
the ma r i ne bas i n  on the ea s t . R i ve r s  d i scha rged I n to 
the ma r i ne bas i n ,  fo rming l a rge de l ta s .  F i gure  2 s hows 
the reg i ona l pa l eogeog raphy for . t he Late C re t�ceous 
and t he l oca tion of t he maj o r  r i vers . Shore l i ne move
ment a l ong  t he western  ma rgin of the ma r i ne ba s � n was 
dom i na n t l y  regres s i ve-�a respon se to l a rger s ed i ment  

i nput than  rates o f  ba s i n  s ubsidence w?u l d  accomm?date 
( F i g .  3 ) . Howeve r ,  t he overa l l  s ho re l i ne regres s i on 

19 76 Symposium on the Geology 
Jf Rocky Mountain Coal, p. 9- 27 9 

was i n terrupted periodica l l y by w i despread t ra n s g res
s i ons of t he shore l in e .  The resu l ting maj o r  t rans
g res s i ve and  regres sive cyc l es a re indica ted on  
Fi gure 3 .  The  eastern  te rminus of each of fou r maj o r  
reg ress i ve cyc l es i s  s hown o n  F i gu re 2 .  Coa l s  a re nor
ma l l y found j us t  i n l a nd from sti l l -s tand positions 
where t h i ck shona ine sands tones accumu l ated . A l t hough 
the nonma r i ne coa l -bea r i ng fa cies may be t housand s of 
feet in t h i ckness  ( Fig . 3 ) , the coa l s  of commerc i a l  
thickness are  norma l l y  found w i t h i n  the  f i r s t  1 00 ft  
of nonma r i ne sec t i on a bove ma r i ne s ha l e  and sands tone 
depos i ts . 

Beginning in t he La te C retaceous and con t i nu-
ing t h roughou t the Pa l eocene and Eocene ,  the La ramide 
orogeny b roke the reg i on into u p l  ifts  sepa ra ted by inter
mon tane basin s ( Fig . 4 ) . The s t r atig raph i c  setting 
of the l ower Ter tia ry coa l s  i s  re l a ted to f l uvia l system5 
d rain i ng across the f resh  water  dominated intermontane 
bas i n s .  The out l ines of t hese f l uv i a l  depositiona l 
bas i ns are  sim i l a r  to the out l ines of the present day 
s t ructura l  ba s i ns .  

Factors Con t ro l  1 ing t he Forma tion of Comme rcia l Coa l 

The exp l o ra t ion i s t  s hou l d  ask  the fo l l ow i ng 
questions a bout t he geo l ogy of any coa l depos i t :  
( 1 )  Where is coa l l ocated s t r a t i g raph i ca l l y ?  ( 2 )  What 
we re the environmen t s  of deposit i on that  favored t he 
deve l opmen t  and p reserva tion of pea t ?  ( 3 )  What i s  
t he coa l thic kness and why did t he pea t a ccumu l a te to 
a suffic i ent t hic knes s to form a commercia l coa l ?  
(4 )  Wha t  i s  its rank and g rade? ( S )  How deep is it?  
(6)  What  is  t he s t ructu re ( st eep o r  l ow d i p) ? ( 7 )  Wha t  



10 R .  J .  WEIMER 

Q 
M I LES 

F i g .  1 .  Map of  C retaceous bas i n  o f  d epos i t i on i n  
wh i ch coa l s  wer e  d epos i ted (after G i l l  and Cobban , 
1 966) 

a re the th i cknes s and I i tho l ogy of  the roof rock ?  
T h e  fo l l ow i ng d i scus s i on is p resen ted to p rov i de an
swe rs t o  the  f i rs t  3 ques t i on s  a bout  C retaceou s and 
Ter t i a ry coa l s .  

In b o th the Cretaceous and lower Ter t iary , coal 
i s  a common i i t ho l og y ,  but it represen t s  on l y  a sma l l 
percent of the tota l s t ra t i g raph i c  s equence . Sha l e ,  
s i l t s tone ,  and sand s tone are  dom i na n t  l i tho l ogie s .  
O f  p r i me i mpor tance i s  not j us t  the occur rence of 
coa l , b u t  the geo l og i c  factors tha t cont ro l l ed t he 
deve l opment of comme rc i a l  t h i ckness of coa l , i . e . , 
coa l s  w i th a qua l i ty and th i ckness  to ma ke m i n i ng an 
econom i c  poss i b i l ity a t  t he present time , o r  in  the  
nea r f u t u r e .  

F o r  the western  coa l s  a n umbe r of  con s t rain t s  
c a n  b e  i dent i f i ed t ha t  mus t  be sat i s f i ed i n  o r d e r  t o  
have a comme rc i a l  coa l b e d  (Tab l e  1 ) .  Firs t , the peat 
mus t  a ccumu l at e  i n  dom i na n t l y  f res h ,  c l ea r  wa ter en� 
v i ronment S . C l ea r  wa ter i s  very i mportant  because  I f  

muddy wa ter conta i n i ng abundant suspended c l �y i s  
, 

ca r r i ed to t he depos i t i ona l s i te ,  the resu l t i ng �:POS I' 
i l l  form carbonaceous s ha l e  o r  coa l of poor qua I ty. 

�eat  swamps form i n  topog raphica l l y l ow area s where HI 
g round s u rface is be l ow the groundwater  t ab l e ,  hence 
they are con tinuous l y  covered by water . They mus t  be 
iso l ated f rom r i ve r  wa ters o r  t i da l . c�anne l s ,  beca�se 
C taceous and l ower Ter t i ary  depOS i t i ona l  mode l s  In
d ��ate  that t hese channe l s  ca r r i ed a h i gh su spended I 
of c l ay and si l t .  _ 

A second cons t ra i nt is t he accumu l at i on on l y  
o f  l and-der i ved organ i c s .  N o  ev i dence has been pre
sented to substan t i a te a s i gn i f i cant  cont r i but i on to 
wes tern coa l s  f rom ma rine or b rack i sh wa ter p l ants . 

Third , the ba l ance between t he g roundwa ter 
ta b l e  and t he depos i t i ona l i nt erface i s  ext reme l y  i� 
por tan t .  Th i s  re l a t i onship w i l l  be d i scussed i n  deb 
i n  a l a ter sec tion . I f  organ i c  matter  comes i n  con tal 
w i t h  the a tmosphere becau s e  of a d rop i n  the l evel 
of the g round wa ter tab l e ,  the orga n i cs w i l l  be oxi
d i zed and l i t t l e  o r  no pea t w i l l  accumu l ate .  I f  the 
g roundwa ter tab l e  i s  too h i g h ,  a l a ke or bay forms a, 
the swamp vegetat i on cannot g row . The refore , a de li" 
ca te ba l ance mus t  be ma i n ta i ned between the deposi
t i ona l i nterface and g roundwa ter tab l e .  

Fourth , a favorab l e  c l i mate  for the high pr� 
ductiv i ty of vegetat i on mu s t  be presen t .  The Jurass k  
was a t i me of d ry desert  c l i mate  i n  the Western I n
ter i o r . A sub- t rop i ca l  to t rop i ca l  c l i mate deve l op� 
some t i me i n  the Ea r l y  C re taceous and persis ted until 
nea r the end of the Eocene. Du r i ng the m i d - to l ate 
Ter t i a ry ,  a d r i er c l  i ma te retu rned . Thus , for about 
45 m i l l  i on y r s  the c l  i mate  was favora b l e  for t he p�" 
l i f i c  accumu l a t i on of o rganic ma tter i n  swamps . 
Co l eman and  others  ( 1 970)  report an ove ra l l  accumu
l a tion rate of 0 . 33 ft of pea t pe r cent u ry in a l a r� 
f resh wa ter  swamp on the Kl ang-Langat de l  ta of Ma l aYI 
The max i mum rate was 20 f t  of peat i n  about 4500 yrs ,  
S i m i l a r  rates of  peat accumu l a t i on a re l i ke l y  to haw 
occu rred i n  the C re taceous and ea r l y  Tert i a ry .  

F i f t h ,  t h e  persis tance o f  t h e  a bove conditim 
in t i me and s pace i s  essentia l to deve l op th i ck coa \ .  
Th i s  factor  i s  some t i mes d i f f i cu l t  to eva l ua te from I 
s t udy of modern  swamps and ma rshes and even more dill 
cu l t  in anc i en t  sequences . Coa l th i ckness is a fun� 
t i on of many var i a b l es ;  however ,  the i n f l uence of 
tecton i c s  on sed i menta t i on is a l a rge l y  ove r l ooked , 
but ext reme l y  i mpor tant  factor i n  the devel opment of 
th i c k  coa l s .  I f  the above const ra i nts a re accepted, 
th i ck C retaceous a nd l ower Ter t i a ry coa l beds requir 
a d e l  i cate  ba l ance between rates of peat accumu l a t iol 
and rates of subs i d ence . Even t h i n  coa l s  a re sens i 
t i ve i nd i ca tors  of a l oca l o r  reg i ona l tecton i c  in
f l uence on sed i menta t i on .  I f  a convers i on factor of 
5 ft  of peat compacting to I ft of  b i t um i nous coa l h 
used , a 5 ft t h i ck coa l bed mus t  have formed from 25  
f t  of pea t .  T i ng ( 1 972 , p. 24 )  reports  a compress i o' 
factor of 4 . 3  i n  a s tudy of a Pa l eocene l ign i te in 
Nor t h  Dakota . 

MODERN ENV I RONMENTS OF PEAT ACCUMULAT I ON 

Mod e rn pea t accumu l a tes in a " d f d " " . R W I  e range 0 epos l t l on env i ronments . esea rch i n  by many worke rs i nd i cates  that  t he com�ece� t yea rs 
of the C retaceous and Tert i ary erc l a l  coa l s  accumu l a t  d '  1 1 " and de l ta p l a i n  env i ronmen t s .  For h 

e I n  a Uv i O t e sake of brev ii' 
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F i g .  2 .  Pos i t i on of shore l i nes d u r i ng maj or reg ress i ve cyc i es i n  Upper C retaceous of Rocky Moun ta i n  reg i on .  R l 
i s  o l des t .  Refer to F i g .  4 for s t ra t i g ra ph i c  sett i ng of coa l s  (after We i me r ,  1 970) . 
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F i g .  4. Map s how i ng maj o r  i nte rmontane bas i ns of  
Rocky �ounta i n  reg i on i n  wh i ch Cretaceous  and Ter t i a ry 
coa l -bea r i ng s t rata  a re present  (after We i me r , 1 960 ) . 

�.",... IJr 
cllrr.,,1 _ °ele/ 

_ ' .  . . . . fq 

O L D E R  
S U R F A C E  

.' :d�\ta- front 
DELTA ' . ACTIVE DELTA 

ALLUVIAL VALLEY 

F i g .  5. Maj o r  phy s i og raph i c  componen t s  of an  
a l l uv i a l -de l ta sys tem (modified after Gag l i ano and  
Mc I n t  I re ,  1 968) . 

� 
Tab l e  1 .  Factors con t r o l  1 i ng forma t i on of comme rc i a l  
th i ckne s s  o f  coa l . 

on l y  the i mpor tant  p rocesses re l a t i ng to pea t accumu
l a t i on i n  these env i ronments  a re cons i de red , and d i scus
s i on i s  om i t ted of the pea t- form i ng env i ronmen t s  of 
modern coasta l p l a i n s  wh i ch a re j udged to be of l es s e r  
i mportance i n  t he o r i g i n  o f  western coa l s .  

The term i no l ogy mos t  common l y  used for t he 
d i fferen t componen ts of modern a l l uv i a l -- de l ta systems 
i s  shown on F i gu re 5 (Gag l i ano and Mc i nt i re ,  1 968) . 
Fraz i e r  and Osan i k  ( 1 969) des c r i be Ho l ocene pea t de
pos i ts of  the Lou i s i ana coa s ta l p l a i n  wh i ch a re gener
a l l y  assoc i a ted w i th sh i ft i ng de l ta i c  l obes of the 
M i ss i s s i pp i  R i ve r .  Co l eman ( 1 966) d i scusses the 
depos i t i ona l env i ronments  of peat a ssoc i a ted w i th f resh
wa ter  c l ays i n  the M i ss i ss i pp i  R i ve r  a l l uv i a l  va l l ey .  
From these and other pa pers , the p rocesses opera t i ng 
w i t h i n  the l owe r a l l u v i a l  va l l ey and  upper d e l ta p l a i n  
( F i g .  5 )  seem the most l i ke l y  ones to p roduce the 
th i ck pea t accumu l at i on s  necessa ry to form comme rc i a l  
coa l .  The channe l -ma rg i n  and f l ood bas i n  (ma rg i na l  
bas i n ) s ub-env i ronmen t s  are  the l oc i  of pea t depos i -
t ion . 

Depos i t i ona l p rocesses ope ra t i ng on the ma rg i n  
of a l a rge act i ve r i ve r  a re summa r i zed on F i gures 6 
and 7 .  Vert i ca l  l evee g rowth occurs  when f i ne sand , 
s i l t , and c l ay ca r r i ed i n  suspended l oad a re depos i ted 
du r i ng the t i me the l evee i s  su bmerged du r i ng the h i gh 
f l ood s . Repea ted f l ood i n g ,  w i th accompa n y i ng depos i 
t i on , resu l ts i n  the channe l and l evee system s tand i ng 
topograph i ca l l y  above the f l ood bas i n  of the r i ve r .  
Swamps form ma rg i n a l  t o  the l evee a n d  l a kes o r  bays may 
deve lop  further i nto the f l ood bas i ns .  

Two types of swamps-- poo r l y  d ra i ned and we l l  
d ra i ned-- have been repor ted i n  the channe l ma rg i n  area 
of the modern M i s s i s s i pp i  R i ver  by Col eman ( 1 966) . 
The type of swamp i s  con t ro l l ed by the l eve l of the 
g rou ndwa ter ta b l e  i n  re l a t i on to the depos i t i ona l 
i nterface . When the r i ver f l oods and the g roundwater  
tab l e  r i ses i n  the channe l ma rg i n  a rea ( F i g .  6) , the 
depos i t i ona l i n terface i s  cove red by wa ter i n  the en
t i re swamp a rea . Du r i ng dry pe r i od s ,  the r i ver l eve l 
and g roundwater  tab l e  a re l owe r and wa ter d ra i ns  f rom 
the topog raph i ca l l y  h i gh we l l -d ra i ned swamps . Water  
con t i nuous l y  covers the topog raph i ca l l y  l ow ,  poor l y  
dra i ned swamps . I n  a reas whe re the g roundwater  tab l e  
i s  too h i gh a bove the depos i t i on i nterface to pe rm i t  
a bu ndan t  g rowt h  of vegeta t i on , the swamps g i ve way to 
l a kes o r  bays . Under favorab l e  cond i t i ons , poor l y  
dra i ned swamps may extend over l a rge a reas of the f l ood 
bas i n  and w i despread l ayers of peat accumu l a t e .  

The pos i t i on o f  g roundwa ter ta b l e  re l a t i ve to 
the depos i t i ona l i nterface i s  cr i t i ca l  i n  the preser
va t i on of organ i c  mater i a l . I n  the poor l y  d ra i ned 

I .  FRESH , CLEAR WATER 

2.  ACCUMU LAT I ON O F  LAND-DE R I VED  O RGAN I CS ONLY 

3.  BALANC E  BETWEEN GROUND WATER TABLE AND DEPOS I 
T I ONAL I NTERFAC E 

4 .  FAVORABLE C L I MATE 

5 .  PERS I SJANCE O F  COND I T I ONS I N  T I ME AND SPAC E 

(TECTON I C  I NFLUENCE ON SED I MENTAT I ON )  
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F i g .  6 .  E n v i ronment s  of  depos i t i on and p rocesses  
occu r r i ng i n  cha n n e l --channe l  ma r g i n  a reas (after 
We i me r ,  1 97 3 ) . 

BAY OR 
LAKE 

F i g .  7 .  Re l a t i on s h i p of  c reva s se s p l ay to other  
channe l marg i n  env i ronment s  (after We i me r ,  1 973 ) . 

Tab l e  2 .  Maj o r  env i ronment s  of depos i t i on of peat 
d ur i ng C reta ceous and Tert i a ry .  

I N-S I TU C OAL  
1 .  CHANNE L  MARG1 N  

BACK-LEVEE SWAMPS 
FLOOD BAS I N  SWAMPS 

2 . C HANNEL-F I LL SWAMPS 
3. C OASTAl SWAMPS (OR MARSHES )  

TRANSPORTED COAL  

. . I accumu I ates  rap i d 1 y and II swamp: �he re ?rgan l c ma �er l a . I covered w i th wall depos i t i ona l I n terface I S  con t i n uOUS Y . 
l i t t l e  ox i da t i on occu rs  and pea t forms .  Howev:r ,  I n  
the we l l -d ra i ned swamps the accumu l a t i ng organ i c  mater i ·  

. h f r seve r a l  mon ths a a l  I S  exposed to the atmosp  ere 0 . .  
yea r ,  wh i ch i s  adequate t i me to a l l ow . for oX l dat �o� a� 
remova l .  I f  c l ay i s  p resen t ,  a l te ra t � on �o kao l i n i te 
may occu r ,  and pyr i te may change to s i de r i te ,  or to o� 
of t he i ron ox i des . 

The a bove p rocesses a re i l l us t rated on F i gures 
6 and  7 .  B reaks i n  the l evee , o r  c revasses , resu I t i n  
t h e  sus pended l oad o f  t h e  r i ve r  be i ng ca r r i ed i nto 
swamps , bays or  l akes , and sma l l  crevasse-sp l ay de l t� 
(or l acust r i ne de l tas )  a re  formed . I f  a maj or channel 
i s  cut off by avu l s i on and detr i ta l  sed i mentat i on 
ceases , poo r l y  d ra i ned swamps may rap i d l y  expand , re-

A1J l t i ng i n  t he depos i t i on of pea t over a l l other types 
of depos i ts .  L i ght-co l ored kao l i n i t i c ,  l eached c l ays 
depos i t ed i n  we l l - d ra i ned swamps may then form the unde 
c l ay or seat rock of a peat bed , a cond i t ion common l y  
obse rved w i t h  t h e  C retaceous a n d  Tert i a ry coa l s .  Th i s  're l a t i on s h i p  may b e  i mportant i n  i den t i fy i ng a n  an
c i en t  coa l as a channe l -ma rg i n  coa l assoc i a ted wi th wei 
d ra i ned back- l evee swamps .  

A l l depos i t i ona l systems mus t  operate i n  t i me 
and s pace .  The a l l uv i a l -de l ta sys tem ha s two major 
phases of act i v i ty ( F i g .  5 and 8 ) . Sed i mentat i on 
occu r s  when the t runk channe l and d i st r i butary channell 
a re under act i ve f l ow.  An  i nact i ve phase deve l ops 
when avu l s i on ,  or r i ver  cut off ,  occurs  and the center 
of sed i menta t i on s h i fts  to another por t i on of the de la  
p l a i n .  The deve l o pmen t  of de l ta l obes t h rough pro
g rada t i on and d i s t r i butary abandonment .a re i l l ustrated 
by Fraz i e r  and Osan i k  ( F i g .  8) . The occurrence of peal 
i n  t h i s  f ramewo rk i s  i l l us t rated both i n  the act i ve 
and i nact i ve phases of det r i ta l  sed i men ta t i on .  By 
a l terna t i on of t hese proces ses , cyc l i c  sed i mentat ion 
occurs , a cond i t i on common l y  observed i n  coa l -bea r i ng 
s eq uences of the a l l uv i a l -d e l ta sett i ng . 

COMMON ENV I RONMENTS OF WESTERN COALS 

F rom recent work  by s tudents and myse l f  i n  
seve r a l  of  t he majo r  coa l bas I n s  o f  t he Rocky Mountain 
reg i on ,  and f rom p ub l i s hed wor k  of o t her s ,  t he c� 
env I ronment s of wes te rn coa I s can be i dent I Hed (Table 
2 ) . The two maj or categor i es a re in-situ coa l and 

t ransport ed coa l . In-situ coa l s  fo rmed i n  p l ace i n  
swamps a nd ma rs hes as  ev i denced by  under l y i ng root 
zones . These coa l s  a re of p r i ma ry i nterest  i n  coal 
exp l orat i on .  Tra n s po rted coa l s  formed f rom com
pact i on of organ i c  mater i a l  that was t ransported by 
wa ter  f rom swamps o r  ma rshes to another depos i t i ona l 
s i te .  These coa l s  do not have a ssoc i a ted root zones , 
are  th i n  w i t h  I i m i ted geograph i c  d i s t r i bu t i on , and genera l l y a re not of econom i c  i n teres t .  

In-situ coa l s  form l a rge l y  i n  t h ree env i ronmen t s  (Tab l e  2 ) . The mos t  i mportant  for the wes tern coa l s  a re back- l evee or f l ood bas i n  (marg i na l  bas i n) swamps that  form ma rg i na l  to a l eveed cha n ne l . Backl evee swamps are  gene ra l l y  I i nea r and pa ra l l e l  to the 
• 

F i g .  8. Re l at i ons h i p  of peat occurrence to d e l ta p rocesses d u r i ng act i ve and I nact i ve phases of det r i ta l  sed iment a t i on I n  M i ss i ss i pp i  De l ta reg i on (after Fraz i er and Oun l k,  1 969) . P ub l i shed wI t h  perm i ss ion  of the  Geo l og i cal 
Soc i ety  o f  Amer I ca .  
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D .  R E P ET I T I O N  O F  C Y C L E 
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channe l . These swamps may expand to form a much 
l a rger  swamp occupy i ng much of the f l ood ba s i n  por t i on 
of an a l l uvia l va l l ey o r  upper de l ta i c  p l a i n .  These 
c�nd i tions a re be l ieved respons i b l e  for geog raph i ca l l y  
w i despread coa l bed s ,  es pecia l l y i n  the l ower Tert i 
a ry .  

A common deposit i ona l env i ronment  for wes tern  
coa l s  is  t he channe l - f i l l  swamp . When r i ve r  meander 
l oops o r  dist ributary  channe l s  are  a bandoned , l a kes  
deve l op wh i c h  a r e  f i l l ed wit h  f i ne- g ra i ned c l astics , 
norma l l y  der i ved f rom the  adj acen t l evees , bu t a l so 
f rom occa s i ona l f l ooding f rom the ma i n  trunk  of the 
rive r .  As a l as t  s tage of channe l - f i l l ,  when wa ter 
depths  become s ha l l ow ,  swamps may fo'rm and peat ac
cumu l ates . Th i s  p rocess i s  we l l  known f rom s t udies of 
"oxbow" l akes i n  modern river sys tems , e . g .  Fa l se 
River  nor t h  of Baton Rou g e ,  Louisiana . Thin coa l s  
d epos i ted i n  t h i s  env i ronment  a r e  s i nuous t o  a rcuate i n  
out l ine and a re norma l l y  l es s  t han one-ha l f  m i l e  in 
w i d t h  and a few m i l es in l en g t h . Th i s  s t ratigraphic 
set t i ng of coa l can often be recognized by t he ver ti
ca l s eq uence of act i ve channe l f i l l  sand , a bandonment 
fine-g rained channe l f i l l ,  a nd ove r l ying t h i n  coa l . 

One of t he mos t common l y  c i ted depositiona l 
envi ronmen t s  of C retaceous coa l s  a re coa s ta l swamps 
and  ma r s hes in t e r p re ted to be a s socia ted w i th l agoons .  
This concept is i l l u s t rated b y  Young ' s  ( 1 955)  work  i n  
the  Book C l i ffs  o f  Utah  and Co l orado . Th i s  work  has  
l ed some au thors  t o  s peak of " l a goona l coa l s , "  wh i ch 
i s  a poor desc ript i ve term.  By def i nit i on ,  a l agoon 
i s  a sa l i ne body of wa ter u nd e r  t i da l  i n f l uence in
l a n d  f rom a shore l i ne .  I n  the  Cretaceou s ,  tida l 
cu r rents  a re be l ieved t o  have ca r r i ed a high suspended 
l oad of c l ay . The refore , any swamp o r  ma rsh  under the 
inf l uence of t i des  wou l d  have had c l ay deposited w i t h  
t he accumu l a t i ng organ i c  ma ter i a l , cond i t i on s  which 
wou l d  g i ve r i se to ca rbonaceous s ha l e  or impu re coa l . 
Fu r t he r ,  pa l eobotany does not i nd i cate  any s i gn i f i 
can t  con t ribut ion o f  sa l i ne - to l erant  p l an t s  to C retace
ous coa l s . 

Dona l d son and other s ( 1 970)  des c r i bed pea t 
a s soc i a ted w i th t he modern Guada l upe de l ta now f i l l  i ng 
San Antonio Bay ( l a goon) a l ong t he cent ra l Texas 
coa s t . The pea t i s  deposited on the d e l ta p l a i n  por
t i on of a l agoona l de l ta ,  and it is re l ated to pro
cesses s i m i l a r  to those descr i bed above for l a rge 
a l l uv i a l -d e l ta systems . I n  refe r r i ng to coa l s  in t his 
set t i ng ,  I bel i eve the cor rect t e rm i no l ogy s hou l d  be 
l agoona l -de l ta coa l s ,  not l agoona l coa l s .  C retaceou s 
coa l s  depos i ted in these environmen t s  tend to be th i n  
and genera l l y non-commercia l .  

COAL I N  THE WEST- CENTRAL  DENVER BAS I N  

Env i ronmen t s  of Depos i t i on 

Coa l occu r rences i n  the wes t-cen t ra l  port i on 
of t he Denver ba sin are be l ieved to be typ i ca l  of many 
of the C retaceous coa l f i e l d s  i n  t he Rocky Mou ntain 
region . Recent s tudies have defined t he env i ronment s  
of depos i t i on of t h e  coa l s a n d  t h e  tecton i c  i nf l uence 

. ( . 1 973 1 976 '  Dav i s 1 974 , 
on coa l th i ckness We i me r , , , . ' t ' 
1 976 Rahman i an 1 975 ) . T he a rea of i nves t l ga . I on 

" 1 c u r  I n  the is shown on F i gures 4 and 9 .  T he coa s oc . . 
La ramie Format i on of the  C retaceou s Maes t r i ch t i an Sta. 
( F i g .  1 0 ) .  . 

The s t ructur a l  se t t i ng of the  coa l f i e l ds is 
sbown by the tecton i c  and geo l og i c  map ( F i g .  9) . Bas i n· 
con t ro l l ed fau l ts sepa rate the u p l i f ted b l ock of the 
Front Range , w i th P recamb rian rocks exposed a t  the 
s u rface , f rom the down-dropped Denver basin b l ock to 
the eas t .  Low- d i pp i ng Uppe r Cretaceous and Pa l eocene 
s t rata  are  exposed a t  t he s urface i n  t he Denver basin .  
A deforma t i on zone ,  wh i ch is  2-4  m i  w i de and contains 
steep l y  d i pping Pa l eozo i c  and Mesozoic s t rata , separa� 
the two maj or c ru s ta l b l ocks . Thus , the mountain 
f l ank s t ructure is l a rge l y  fau l t  cont ro l l ed .  Coa l 
has been m i ned f rom t he La ram i e  Forma t i on a l ong the 
mounta i n  f l ank  and w i t h i n  the  Denver bas i n  ( Fig . 9) . 

The f i rst  movement of t he Front Range crustal 
b l ock du r i ng the La ramide o rogeny i s  be l i eved to have 
been a bout 70 my ago (Weimer ,  1 97 3 ) . The up l i fted 
b l ock rose out  of the Pier re sea and , once above sea 
l eve l , r i vers  e roded C retaceous sed i ment from the 
l and a rea and deposited the detritus i n  severa l smal l 
de l tas  (We i mer and Land , 1 975 , F i g .  1 1 ) .  The thick
nes s and dis t r i bu t i on of sed i ments were contro l l ed by 
rec u r ren t fau l t  movement ( g rowt h  fau l ting) a l ong 
fau l t s extend i ng to the P recamb r i an .  Th i s  basement 
fau l ting con t ro l l ed the l oca tion of a depocenter , 
as soc i ated w i t h  a n  a l l uv i a l -d e l ta comp l ex ,  in the 
Go l den-- Bou l de r  a rea ( F i g .  9) . 

The depos i t i ona l set t i ng for the coa l s  of 
the La ram i e  Fo rma t i on have been described i n  detail 
(We i me r ,  1 973 , 1 97 6 ;  We i mer and Land , 1 975) . The 
La ram i e  Forma t i on cons i s t s  of sand stone, s i l tstone ,  
c l aystone , and  coa l depos i ted on  a .de l ta p l ain . The 
re l a t i onship of  fac i es ,  forma t i ons , and env i ronments 
of depos i t i on i s  s hown on F i gure 1 2 .  By eastwa rd 
prograda t i on ,  the vertica l sequence deve l oped as in
dica ted . L i t ho l og i c  va ria t ions i n  the coa l -bearing 
portion of the Laram i e ,  i nterp reted from surface and 
subsurface s t ud i e s ,  a re shown on F i g u re 1 3 .  

Exce l l en t  exposu res of t he La ram i e  Forma t i on 
a re present i n  the Go l den a rea , where kao l i nitic clays 
a re m i ned for the manufa c t u re of b r i ck and ti l e .  
These exposu res a re typ i ca l  o f  t he La ram i e  a l ong the 
mountain fron t .  The forma t i on can b e  d i v i ded into 
t�o un i ts .  A l ower u n i t  conta i ns about equa l quant i 
t i es of  sand s tone ,  si l t s tone , c l ays tone , and  th i n  
coa l bed s ,  and  va r i es f rom 1 50 to 250 ft i n  t h i ck
n�ss . An upper un i t  of dom i na n t l y  c l aystone , with 
m i nor beds of sands tone and s i l t st one var i es from 200 
to 800 ft i n  t h i ckness , w i t h  the th i cke r  sect i ons 
be i ng i n  the subsu rface . Th i �kness  of i nd i vidua l 
sands tone and c l ays tone beds va r i es  f rom 20-40 ft (� i g .  1 3 ) .  The sands tones a re 1 igh t  g ray to buff , 
f � ne- to coa rse-grained , poor l y  sorted , subangu l a r ,  S i l ty ,  and contain g ra i n s o f  b l ack  chert , c l ay ,  m ica, and ca rbonaceous ma te r i a l .  The sands tones have a 
: cou r ba se and common l y  contain abundant  c l ay c l asts I n  �he l ower pa r t .  G ra i n  s i ze decreases upwa rd from med I um and coa rse to f i ne .  T rough c ros s - s  t ra t i f i cat ion, 

F I g .  9 .  Tecton i c and geo l og i c  map of Go l den-Bou l de r ,  Co l orado , a rea (modified after Dav I s  a d W . 1 976) . 
Se i sm i c  fau l ts a re s hown by heavy l i nes ; l i ght  l i nes a re maj o r  s u r face o r  fau l ts found I o

n
l 

e
l

l mer ,  
B . d l W 1 d 1 f · 1 d . 1 . d 1 . . n c a m nes . I n cates 

basemen t fau l ts .  Bou l der- e coa I e  I S  out  I ne by I ne w i th c i rc l es ' Leyden M i ne by l '  I h I . f '  I ne w t x s .  Symbol S  
for forma t i on s  are I nd I cat ed on F I g .  1 0. G - Go l den a u l t ;  B .  M.  - Bas I n Ma rg i n  fau l t .  -t--
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w i t h  sets  a s  much a s  8 i n .  th i ck ,  i s  common i n  the l owe r  pa rt  of t h e  sands tone un i t s ,  a n d  r i pp l e  l am i na t i on i s  p reva l ent  in the upper pa r t .  La rge-sca l e  l oad casts  a re common a l ong the con tact of t he sandstone unit s w i t h  under l y i ng c l aystone . The bases of t he l oad casts have a bu l bou s shape 1 0-50  f t  acros s ,  and c l aystone 
ha s been p i e rced vert i ca l l y  as  much a s  1 0  f t . Con
cen t ra t i on s  of l og i mp r i nt s  are presen t a l ong the ba se 
and w i th i n  the sands tones . The l ogs  average 1 2  in . 
in d i ameter  and a re common l y  1 0-20 f t  i n  l eng th . 
D � rec t i ona l s tud i es of c ross- s t ra tif i ca t i on ,  o rien ta
t i on of  l ogs , and c l ay c l as t  i mb r i ca t i on indicate an 
eas t - s outhea s t  t ran sport direct i on .  M i nor sets of 
fractu re s , some w i t h observa b l e  offsets of as  much 
as  severa l fee t , a re present in the u pper pa r t  of the 
sandstone un i t s .  

The kao l i n i t i c  c l aystone un i ts o f  the l ower 
La ram i e  conta i n  severa l l itho l og i e s . L i ght- to med i um
gray ,  b l ocky-weathe r i ng c l ays tone is t he dom i nant l i tho
l ogy , w i th l es s e r  quan t i ties of dark-gray t o  b l ack  
ca rbonaceou s c l ay s tone and  th i n  coa l s t reaks . Seve r-
a l  th i n  l ayers  a re shades of p i nk ,  l i gh t  red , ye l l ow ,  
and t a n  i n  co l o r .  I ron- r i ch concre t i ona ry  s i l t s tone 
layers  (iron s tone) f rom one to fou r i n .  thick are  
commo n .  The c l ay s tone is genera l l y s t ruc t u re l es s ,  
but  i n  a few occ u r rences l i gh t  g ray c l aystone conta i n s  
conchoida l f ractu res w i th g roov i ng and po l ishing s i m i 
l a r  t o  s l  i cken s ides . These b rea ks a re refer red to as  
"c l ay s kins" and may be caused by expans i on of roots 
which were l a te r  removed by ox i da t i on .  P l an t  rema i n s  
i n  the form of  l ea f  impr i nts and s tem, b ranch a n d  tw i g  
imp re s s i ons a re common . Pa l m  fronds were col l ec ted 
when t he c l ay m i n i ng was act i ve in the a rea . The 
co l o r  of the c l ays tone i s  a func t i on of t he amoun t  
of ca r bonaceou s ma teria l p resent a n d  t he s t a t e  of  the 
i ron , reduced or ox i d i zed . The c l aystone i n  t he l owe r 
La ram i e  i s  dom i nan t l y  kao l i nite of a qua l ity s u i ta b l e  
for b r i c k  a nd t i  I e . 

The upper La ramie i n  the Go l den a rea has a n  
out c rop t hickness of 1 60-200 f t  a n d  i s  s i m i l a r  i n  
l it ho l ogy t o  t he l ower Laram i e ,  except t ha t  the sand
s tone un i ts a re much thinner ( l es s  than 1 5  f t  th i ck) 
and a re f i ne r  g ra i ned . Coa l and  ca rbonaceous sha l e  
i s  a bsent  i n  t he upper La ram i e  c l ays tone .  Some pa r ts 
of t he c l aystone show f i ne l am i na t i on s  i ns tead of 
having a un i form b l ocky appea rance. 

The on l y  foss i l s  found i n  t he La ramie Forma
t i on i n  t he Go l den a rea a re p l a nt  o r  t ree i mp res sions 
and root zones . C l ays tones f rom t he Go l den a rea were 
was hed a nd examined for foraminifera in the cou r se 
of this s tudy , but  none wa s observed . The Laram i e  
Forma t i on i n  the Gol den a rea i s  i nd i ca ted t o  have a 
f resh wa t e r  origin . 

To the north in the Bou l de r  a rea , mo l l u scan 
faunas a re repor ted f rom the l ower Laram i e  by Spencer 
( 1 96 1 ) .  Rahman i an ( 1 975) reported t race foss i l s and 
oys te r s  i n  the l ower La ramie sou thea s t  of Bou l d e r ,  
sugges ting b rack i sh to ma r i ne wa ter incu r s i ons . 

The repe t i t i ve I itho l og i es of t he coa l 
bea ring l ower Laramie are  re l a ted to environments  of 
depos i tion ( see Tab l e  3) . The coa l s  m i ned i n  the 
Go l den and Leyden a rea s are  interpreted to be de
pos i ts of back- l evee , poor l y  d rained swamps .  The 
l i gh t- co l o red and p i nk ,  kao l initic c l aystones a re 
oxid i z ed and l eached depos i ts of the we l l - d rained 

. d revasse  s p l ays 
swamps. Sands tones were depos l t e  as : m- to dark-
and i n  ma� o r  r i ve r  channe l s . The med l � re depos i ts 
gray , l am i nated c l aystones and s ha l es 
of l a ke or bay environmen t s . . d 

C 1 . t h  Bou 1 der  a rea a re I nterprete to 
oa s i n e 

) f l ood bas i n 
be back- l evee ( poo r l y  d rained swamp o r  

depos i ts . The Bou l d er-We l d  coa l f i e l d  appe� r s  t o  

b e  l ocated o n  the no rth ma rg i n  of  the a l l uv l a � -de l ta 

comp l ex cen tered in t he Go l den- Leyden a rea ( F i gs .  9 

and 1 3 ) .  Th i s  i nterpre ta t ion  i s  based on the ab

sence of maj or channe l sands tones and the pres:nce 

of i nterca l a ted ma rine to b rack i sh wa ter  depo: l t s ,  
poss i b l y  o r i g i na t i ng i n  ma rg i na f  o r  f l ood baS i ns .  

Tectonic I nf l uence o n  Coa l Thickness  

Two maj o r  coa l a reas i n  the  wes t-cen t ra l  Denver 
basin show a tectonic inf l uence on coa l thickness . 
G rowth fau l t i ng ( s yndepos i t i ona l ) , which inf l uenced 
the t h i ckness  of t he Fox Hil l s  a nd La ram i e  Forma tions ,  
has been desc r i bed by Weimer ( 1 97 3 ,  1 976) , in  the 
Go l den- Leyden a rea ; and by Rahmanian ( 1 975) and Dav i s  
and We i mer  ( 1 976 )  in the Bou l de r-We l d  coa l f i e l d .  Two 
types of f a u  1 t i ng a re recogn i zed . Deep- sea ted ba semen! 
con t ro l l ed fau l ting i s  observed in t he Leyden M i ne a� 
and , this type ,  together wit h  sha l  l ow l i s t r i c  norma l 
fau l t i ng ,  a re found i n  the a rea of the Bou l der-We l d  
coa 1 f i  e l  d .  

St ruc tura l l y , the Leyden M i ne ( F i g .  9 )  i s  l o
ca ted i n  the Denver ba sin b l ock  j us t  east of the moun� 
f l ank  deforma t i on zone which conta i ns nea r l y  vertical ' 
d i pp i ng beds ( F i g .  1 4 ) .  The Leyden M i ne was shut down 
i n  1 952 ; s i nce t ha t  t i me , however , Pub l i c  Service 
Company of Co l o rado has converted t he o l d  m i ne to an 
underg round na t u ra l gas storage faci l i ty .  

The Leyden M i ne ext racted coa l f rom 2 beds 
( "veins" )  at depths va rying f rom 800 to 1 000 ft . The 
s t rat i g ra ph i ca l l y  h i gher A coa l i s  sepa ra ted from the 
unde r l ying B coa l by a c l ays tone and s i l t s tone i nter
va l .  F rom north to south across  the mine a rea , th is  
i nterva l thickens f rom 20 to 80 ft ( Camacho, 1 969) . 
The B coa l i s  1 00 to 1 50 f t  a bove the La ramie- Fox 
H i l l s  contact .  The tota l mined a rea i s  between 2 and i 
s q  m i . Core ho l e  data ind i cate that the A coa l , whe� 
mined , va r i ed i n  thickness  f rom 4 to 8 ft , and that � 
more  extensive B coa l va r i ed f rom 6 to 1 1  ft . The coal 
are thinne r i n  the su rface outcrop than i n  the m i ned 
a rea , e i t he r  because of deposit i ona l th i nning con
t ro l l ed by fau l ting , or because of thinning of the 
coa l s  by a ttenua t i on i n  t he nea r l y  vert i ca l  outc rops , 
The disa ppea rance of the coa l a t  the north edge of 
the mine is i nterpreted by Camacho ( 1 969) to be a 
res u l  t of channe l cut-out ( F i g .  1 3 ) . To the south , 
d i sa ppea rance of the coa l resu l ts f rom facies change 
to channe l - l evee deposits . 

The tota l th i ckness  of the La ram i e  Forma t i on 
eas t  of the outcrop is i n  exces s  of 1 000 f t ,  as deter 
m i ned f rom the o l d  mine sha f t s  a nd we l l s  d ril l ed by � 
Pub l ic Serv i ce Company for gas s to rage in the aban
doned Leyden M i ne .  As shown on the map and s t ructu re 
sec tion ( F i gs .  9 and 1 4 ) , the Bas i n  Ma rgin fau l t  is i n terpreted to be present between the nea r l y  v rtica l  beds of the La ramie hogback

, 
and t he l ow s t ruct�ra l d i p  in the a rea  of the Leyden M i ne .  The fau 1 t is necessa� 

-
F i g . 1 0 . Genera l i zed s t ra t i g raph i c  co l umn for Go l den a rea (after LeRoy and We i me r , 1 97 1 ) .  
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to account for the th i ckne ss and d i p  of the outcrop 
sect i ons  re l a t i ve to the t h i ckness i n  t he subsurface . 
An ea s t-wes t  se i sm i c  sect.i on i n  the Leyden M i ne a rea 
i nd i ca tes  tha t t he Bas i n  Marg i n  fau l t extends to the 
P recamb r i an ( T . L .  Dav i s ,  1 976 , persona l commun . ) .  
F i g u re 1 5  i s  an ea st-west resto red s t ra t i g ra ph i c  sect i on 
across the Leyden M i ne a rea s how i ng obse rved th i ckness 
va r i a t i on of coa l ac ross t he Bas i n  Ma rg i n  fau l t  and 
a hypothet i ca l  i nterpreta t i on ac ros s  the Go l den fau l t  
to the  wes t  ( F i g .  9) . The fau l t s a re i nt er p re ted 
to have cut t he back- l evee coa l swamps and res u l ted i n  
g reater  accumu l a t i on of peat on the d ownth rown s i de 
compa red to the upth rown s i de of the  fau l t s .  

The s t ra t i g raphy a n d  s t ructu re of  the Bou l der
We l d  coa l f i e l d  has been des c r i bed in  recent pape rs  by 
Spencer ( 1 96 1 ) , Co l ton and Lowr i e  ( 1 97 3 ) . Ra hman i a n  
( 1 975) , We i me r  ( 1 976) , a n d  Dav i s  and  We i me r  ( 1 976) . 
The coa l f i e l d  i s  l oca ted i n  a comp l ex ho rst-g raben 
fau l t  system wh i ch has a d om i na n t  northea s t  t rend 
( F i g .  9) . The fau l t  zone i s  approx i ma te l y  1 0  mi w i de 
and  25 m i  l ong . The coa l f i e l d ,  l y i ng sou th of 
Bou l der  C reek , i s  about t he same l en g t h  but ave rages 
4 mi i n  w i d t h .  Ver t i ca l  sepa ra t i on on fau l t s va r i es 
f rom a few feet to over 400 ft . 

Laram i e  coa l i n  the Bou l de r-We l d  f i e l d ,  as shown 
by Co l ton and Lowr i e  ( 1 97 3 ) , wa s l a rge l y  m i ned f rom 
g ra ben a rea s i n  the hor s t -g raben fau l t  system .  Th i s  
assoc i a t i on i s  shown by mor e  d e ta i l ed ma pp i ng of t he 
Ma r s ha l l a rea by Rahman i an ( 1 975 ) . T h i n  coa l i s  
present i n  core ho l es d r i l l ed on the  maj or  horst  
b l ocks ( genera l l y  l ess than 4 ft  in  t h i ckness ) .  

Accord i ng to Spencer ( 1 96 1 ) , t h ree ma i n  coa l 
beds i n  t he l ower 1 25 ft of the  La ram i e  Forma t i on 
were m i ned i n  the  a rea . Where m i ned , the t h i ckness 
of the beds va r i ed f rom 5 to 8 ft . He repo r ted an es
t i mated tota l product i on of 20  m i l l  i on tons  of l a rge l y  
subb i tum i nous B coa l .  

The coa l beds a re a s soc i ated w i th sha l e ,  
s i l t s tone,  and sand s tone of the l owe r Laram i e .  
Occur rences of the oyster  Ostrea glabra and  some 
h i g h l y  bu r rowed beds suggest mo re b rack i sh wa ter  
env i ronmen ts of d epos i t i on for  t he l ower Laram i e  i n  
t h i s a rea t ha n  i n  t he Go l den- Leyden  a r ea (Rahma n i an ,  
1975) • The coa I s  a re be I i  eved t o  have been depos i ted 
o n  a d e l ta-p l a i n  sett I ng on  t he nort h ma rg i n  of  the 
d e l ta desc r i bed i n  the  Go l den-Leyden a r ea .  Ev i dence 
for another de l ta ,  north  of Bou l d e r ,  ca n be recogn i zed 
i n  the Wh i te Rocks a rea , where  d i s t r i bu t a ry channe l s  
and  th i n  channe l - f i l l  coa l s  have been reported by 
We i me r  ( 1 973 , 1 976) . 

The Fox H i l l s  Sand stone i n  the Ma rsha l l a r ea 
was s tud i ed i n  deta i l by Ra hman i a n  ( 1 975 ) . He des
cr i bed two un i t s i n  t he Fox H i l l s con s i s t i ng of f i ne
to med i um- g ra i ned sands tone w i t h  abundant Ophiomorpha. 

The un i t s resu l t  f rom 2 cyc l es of sha l l ow 
ma r i ne d epos i t i on .  E l sewhere i n  the a rea , a s  ma ny 
a s  4 cyc l es can be recogn i zed (We i me r ,  1 973) . The 
t h i ckness  of t he forma t i on va r i es from 1 20 ft i n  
s u rface out c rops t o  3 50 f t  repor ted i n  core ho l es 
i n  t he graben fau l ted areas . 

P rev i ous  worke rs ( e . g . ,  Spence r , 1 96 1 )  sug
gested t ha t  nort heas t - t rend i ng s hear zones  i n  t he 
P recamb r i a n ,  assoc i a ted w i t h the Co l orado M i ne ra l  
B e l t ,  may proj ec t i nto t he a rea o f  Bou l der-We l d  coa l 

f i e l d .  Howeve r ,  the  Dakota G roup i n  t he
f 

hO
l
g
t

�aCk 
. ff t by au I ng  sout hwest  of Ma rsha l l I S  not  0 se 

f I t  ( Rahman i an , 1 975 ) . Th i s  sugges t s  t ha t t he . au 
system i n  the  Bou l d er-We l d  coa l f i e l d a rea I S  an 
ent i ty sepa rate f rom the Co 1�rado M i ne r a l  B e l t .  . 

The t h i cken i ng of coa l s  i n  the l ow: r La ram i e  
and  t h i cken i ng o f  t he Fox H i l l s Sands tone I n  g raben 
a reas i s  geo l og i c ev i dence for g rowt h  fau l t  movement . 
Dav i s  ( 1 974) p resent ed s e i sm i c  ev i dence i nd i cat i ng 
t ha t  t he fau l ts d i e out a t  a s ha l l ow depth i n  the 
upper P i e r re S ha l e .  The re l a t i ons h i p  of t he mou nta i n  
f l ank  basemen t fau l ts t o  t h e  Bou l de r-We l d  fau l t  zone 
i s  s hown on F i gu re 1 6 .  

The s ha l l ow fau l ts are  be l i eved to be rel ated 
t o  l ow dens i ty ,  l ow ve l oc i ty ,  pos s i b l y  overpressured , 
sha l e  mas ses i n  t he upper 4000 f t  of t he P i erre Sha le 
( Dav i s  and  We i me r ,  1 976) . The processes contro l l i ng 
the  o r i g i n  of t he fau l t  sys tem a ppea r s i m i l a r  to 
t hose con t ro l l i ng Ter t i a ry fau l t  sys tems i n  the Gu l f  
Coast ( Br uce , 1 97 3 ; C u rt i s , 1 970) ; however , t he 
Denve r bas i n  system i s  of a much sma l l e r  magn i tude. 

Three a nd pos s i b l y  fou r maj o r  l i� t r i c  norma l 
fauJ t t rends a re p resent i n  the fau l t  zon e .  Seconda� 
horst-g raben ant i t het i c  fau l t s  a re found on the sout� 
east  s i d e  of each major  fau l t .  Because of fau l t  
movement  w i t h i n  the  coa l swamps , mo re o rgan i c  ma ter i a l  
accumu l at ed i n  the g ra ben b l ocks t han  ove r  the horst 
b l ocks ( F i g .  1 7) .  After  compac t i on ,  commerc i a l  
t h i cknesses of coa l deve l oped ma i n l y  i n  t he graben 
a reas a nd thus  d eterm i ned the l ocat i on of undergrou� 
m i n i ng .  

SUMMARY 

C l i ma te a nd depos i t i on cond i t ions  i n  the 
Western  I nter i o r  of the  Nor t h  Ame r i can Con t i nent 
favo red the d eve l opmen t  of w i desp read coa l swamps for 
t he t i me i nt e rva l 95 to 50 my ago ( Late  C retaceous 
a nd ea r l y  Te rt i a ry ) . The coa l swamps formed i n  f l uv ial 
de l ta systems , w i t h  channe l ma rg i n  swamps be i ng the 
mos t  i mporta n t  env i ronment for deve l opment  of coa l .  
The t h i ckness of coa l i n  the wes t-cent ra l Denver 
bas i n  i s  s i gn i f i cant l y  i nf l uenced by g rowth fau l t i ng 
( syndepos i t i ona l ) .  G reater t h i cknesses of peat 
accumu l ated on the downth rown s i de of fau l t s ,  resu l t in: 
i n  m i nab l e  t h i cknesses of coa l .  Coa l i s  a w i d espread 
I i t ho l ogy i n  C retaceou s and Tert i a ry s t rata  i n  the 
Rocky Mounta i n  reg i on ,  but  a comb i na t i on of geo l ogi c 
factors must have been p resent  du r i ng d epos i t i on of 
peat i n  o rder  t o  deve l op a coa l t h i c kness of economic 
i ntere s t .  An u nders tand i ng of t hese geo l og i c  factors 
i s  i mportant i n  coa l exp l ora t i on a nd d eve l opment p ro' 
g rams- . 
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Tab l e  3 .  S ummary of d i agnos t i c  characte r i s t i cs of Laram i e  Forma t i on ,  Go l den , co l orado . 

L i t ho l og y  

S t r  .. t i f I cat i on 

Foss 1 1  5 

CMnlMl l 1  

G ray t o  brown 
f i ne to coarse
g ra i ned sand
stone w i t h  c l a y 
c l a s t s  nea r ba se . 
F i n i ng up",ard 
g ra I n  s f z e .  
Large-sca l e  l oad 
ca s t s  a l ong ba s e .  
C l ay g ra I ns com
mon . Scour base . 

Trough c ro � s  
s t ra ta w i t h s e t s  
up to 2 f t  I n  
t h i ckness I n  l ow
er pa r t .  R i pp l e  
m l crocross- I am i 
na t i on I n  upper 
pa r t .  

Log a n d  l ea f  
Impr i n t s  cOl11T1On 
a tong ba s e .  

s....., 
_I I -dra i ned 

L i g ht g ray and 
p i n k  kaol i n i t e 
c l ays tones w i t h  
I ron-r i c h con
c re t i ona ry l ayers 
1 to 3 I n .  t h i ck .  

Genera l l y ,  "'''5-
s l ve appear i ng ;  
" c l a y  s k i n" 
f ra c tu r i ng by 
root sys tem ex
pan s i on I s  com
mon . 

Occas i ona l car
boni zed p l a nt 
f ragment or 
Impr i n t ; root 
systems . 

poor l y  dra l MC!  
Dark g ray to 
b l ac k  kao l I n I te 
c l ays tone I , ca r
bonaceous sha I e 
and t h I n  coa l 
seams . 

Lam I na t i o n s  of 
bedd i ng present 
in c a r bonaceous 
r i ch s t ra t a .  

Ca rbon i zed 
p l an t  rema i n s  
a n d  i mp r i n t s ;  
root systems 

LKustr l ne 

Hed l um to 
d a r k  g ray 
c l ays tone 
and organ i c  
r i ch sha l e  
wi th m i nor 
s i l t s tone and 
very f l ne
gra I ned sand
stone l aye r s .  

Genera l l y  
_ I I l am i 
nated or 
bedded . 

Leaf and 
p l an t  f rag
ment Im
pr i n t s .  

Splay .. nds tone 

Gray to brown 

f l ne- to med i um 

g ra I ned sand

s tone . Tex t u r e  

f i n i ng upward ; 

scour base near 

ma i n  channe l ;  

s ha r p  o r  t rans i 

t I ona l base a
way f rom channe l .  
Sands tone th i ns 
and becomes f l ner
g r a i ned away f rom 
ma i n  channe l .  

Dom i n a n t l y  r i p p l e  
m l c rocros s - I am i 
nat Ion ; t rough 
c ross- s t ra t I f i 
cat I on common i n  
lower pa r t .  

Numerous l og 
impr l " t s  as " l og 
J ams" common a 
l ong base ; p a  1 m  
fronds a n d  l ea f  
I mpr I n t s  I n  upper 
part . 

I
Levees have not been spec I f i ca l l y I dent i f i ed I n  outcrop sec t Ions I n  Gol den a rea . 
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COAL DEPOSITS OF THE EASTERN PICEANCE BASIN 

BRUCE A. COLLINS : Mid-Continent Coal and Coke Company 
,- ' .. 

Carbondale, Colorado 8162 3  

ABSTRACT : The coa l f i e l ds o f  t h e  eas te rn P i ceance C reek bas i n  con ta i n  a conservat i ve l y  es t i mated 3 , 1 29 m i l l i on tons 
of b i tum i nous coa l and  anth rac i te .  At l ea s t  800 m i l l i on tons a re of me ta l l u rg i ca l  qua l i ty .  Thes�coal s occ u r  i n  
the l I es and W i l l i ams Fork Forma t i ons , wh i ch together make u p  the Mesave rde G roup . The Mesaverde sed i ments  were 
depos i ted by a sou theas tward-p rog rad i ng d e l ta-de l ta i c  p l a i n  comp l ex .  I n te r tongu i ng of ma r i ne a nd nonma r i ne depos i ts 
we re caused p r i ma r i l y by compact i on ,  s h i ft i ng depocenters , and va ry i ng sed i ment supp l y .  The coa l s  a re mos t l y  of 
f reshwa ter or i g i n ,  a nd we re formed i n  s u b t rop i ca l  to wa rm- tempe rate fo rest swamps . 

Ran k  va r i es f rom h i g h-vo l a t i l e C b i tum i nous to anth rac i te and  l oca l l y  g raph i te .  Wh i l e t hose coa l s  
occ ur r i ng nor t h  of Fou r M i l e  C reek owe the i r  ran k  ent i re l y  to depth of bu r i a l , the h i g he r-ra n k  coa l s  south of 
Fou r  M i l e  have been s ubjected to abnorma l l y  h i gh geothe rma l g rad i en t s , the resu l t  of hea t f rom the i ntrus i ons  of 
the E l k  and Wes t  E l k  Mounta i ns .  The cok i ng qua l i ty of the coa l s ,  wh i l e seconda r i l y dependent on pea t type and  
swamp cond i t i ons , i s  p r i ma r i l y a funct i on of  rank .  

La rge- sca l e  m i n i ng i s  p resen t l y  l i m i ted to  the  cok i ng coa l s  i n  the  sou thern pa r t  of  the  a rea . Modern 
m i n i ng i n  much of the rest of the reg i on awa i ts the deve l opment of econom i c  methods to cope w i t h s teep forma t i on 
d i ps and othe r geo l og i c  p rob l ems . 

I NTRODUCT I ON 

The P i ceance C reek bas i n  i s  the l a rges t s t ruc
:ura l bas i n  i n  northwestern  Co l orado , cover i ng an a rea 
)f about 7 , 225 sq m i  as mea s u red a round the base of 
:he Upper C retaceous Mesaverde G roup ( F i g .  1 ) .  W i th i n  
:he bas i n ,  the tota l coa l resou rce , i n  beds ov�.H2�n .  
:h i ck ,  i s  es t i ma ted by the author to be approx i ma te l y  
1 2�b i l l i on tons . To put th i s  number i n  some per
; pect i ve ,  the tot a l  rema i n i ng rese rve i n  the ent i re 
; ta te of Wes t  V i rg i n i a i s  1 02 . 1 b i l l i on tons (Ashcraf t ,  
1 974,  p .  1 5 ) .  

The Ca rbonda l e ,  G rand Hogbac k ,  and  sou thern 
lanforth H i l l s coa l f i e l ds con ta i n  a conserva t i ve l y  
�s t i ma ted 3 . 1 3  b i l l i on tons of h i gh-qua l i ty b i tum i nous 
:oa l and a n th rac i te ( La nd i s ,  1 959 , ta b l es 8- 1 1 ) i n  
I n  a rea approx i ma te l y  90 m i  l ong and 1 to 1 0  m i  w i d e .  
-h i s  reserve i s  i n  s eams ove r 4 2  i n .  i n  th i ckness and 
Inder l es s  than 3 , 000 f t  of cove r .  

The P i cea nce C reek ba s i n  has a max i mum s t ruc
:ura l  re l i ef of 2 7 , 000 f t ,  as measured on top of the 
' recamb r i a n .  The bas i n  i s  asymme t r i ca l  to the eas t ,  
l i th on l y  3 0  m i  separa t i ng the l ow  po i nt a l ong P i ceance 
: reek near R i o  B l anco and P recamb r i an exposu res on the 
Ih i te R i ve r  u p l  i f t (Mu r ray , 1 966 ,  p .  1 92 ) , wh i I e  1 00 m i  
; epa rate R i o  B l anco f rom the Uncompahg re up l i f t to the 
;ou thwe s t  (Haun ,  1 962 , p. 1 2) .  The bas i n  i s  bounded 
)y the U i nta u p l i ft on the north , by the Wh i te R i ver 
Jp l i f t  and E l k  Moun ta i ns on the ea s t  and southea s t , 
)y the E l k  and Wes t  E l k  Moun ta i ns and the Gunn i son 
J p l i ft on the south , by the Uncompah g re u p l i ft on the 
;outhwes t ,  and  by the Dou g l as  C reek a rch on the wes t .  

19 76 Symposium on the GeoZogy 
?f Rocky Mountain CoaZ. p. 29- 43 2 9  

STRUCTURAL GEOLOGY 

The G rand Hogback i s  the mos t  s t r i k i ng phys i o
g raph i c  fea ture of the eastern  P i ceance C reek ba s i n . 
The hogback i s  a wes te r l y  d i pp i ng monoc l i ne composed 
p r i ma r i l y  of the coa l -bea r i ng Mesaverde G roup of Upper 
C retaceous age . The s t ructu re can be t raced f rom nea r 
Ma rb l e  on the south to north of Meeke r ,  a d i s tance of 
ove r 90 m i . D i ps va ry f rom nea r l y  f l a t  to overtu rned . 

Fau l t i ng w i th i n  the coa l - bea r i ng rocks appea rs 
to be re l a t i ve l y  m i no r ,  a l though more extens i ve m i n i ng 
m i ght  prove otherw i se .  Fau l t i ng i s  mos t common i n  the 
southern pa r t  of the a rea and i n  assoc i a t i on w i th maj or  
bends i n  the  hogback . Mos t known fau l ts are  h i gh
ang l e  norma l . Except for shea r i ng a s soc i a ted w i t h 
bedd i ng - p l ane movements , fau l t i ng has had no not i ceab l e  
effect on the qua l i ty of the coa l s .  

Fo l d i ng i s  a l so r·e l a t i ve l y  m i nor , a s i de f rom 
the monoc l i ne of the hogback i tse l f ,  and i s  concen
t rated i n  the southern part of the a rea a rou nd the 
l a rge Te r t i ary i n t rus i ves of the E l k  and Wes t  E l k  
Moun ta i ns .  The southe rnmost  of these i s  the C ha i r  
Mounta i n  u p l i ft ,  whe re coa l i n  the s u r round i ng up
turned sed i ments  has been metamorphosed to a n t h rac i te 
and  l oca l l y  to h i gh-g rade g raph i te .  The Coa l Bas i n  
an t i c l i ne i s  5 m i  nor th of Cha i r  Moun ta i n ,  and i s  
thought to be the res u l t  of a s i m i l a r  b u t  much sma l l e r  
l acco l i th i c  i n trus i ve i n  the subsu rface . The D i v i de 
C reek a n t i c l i ne occ u rs a bout 1 5  m i  northwe s t  a l ong 
the same s t ructu ra l t rend , and may have had a s i m i l a r  
or i g i n .  The Su l ph u r  C reek sync l i ne north  of Meeker 
sepa ra tes the G rand Hog back  to the sou th (rom t he 
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F i g .  2 .  Nomenc l at u re used by va r i ous w r i ters  for Upper C retaceous and ea r l y  Tert i a ry rocks in t he eastern and 
southern  P i ceance bas i n .  L i nea r i ty o f  the  Ro l l i ns  - T rout C reek - Cameo Sandstone zone across t he d i agram i nd i 
cat es l i t hogent i c  equ i va l ency on l y .  

Danfor t h  H i l l s t o  the nor t h  a nd the Y e l l ow Jacket a n t i 
c l i ne to t he eas t  (Mu r ra y ,  1 966 , c h p .  I I ,  p I . I ) .  
The re a re a few other  m i nor  fo l ds a l ong the hogback , 
together w i th  d rag fo l d i ng nea r fau l ts a nd ev i dence 
of p l as t i c  f l owage i n  the Ma ncos Sha l e .  

I gneous i n trus i ves  a ffec t i ng coa l -bea r i ng 
roc ks a re l i m i ted to that  pa r t  of the a rea sout h  of 
Coa l C reek , i n  wes t e rn P i tk i n  Cou n ty . Seve r a l  l acco
l i t hs , one phaco l i th ,  severa l s i l l s ,  and numerous d i kes , 
a l l  of va ry i ng compos i t i on ,  are  p resent  w i th i n  the coa l 
bea r i ng i n te rva l . The MQM!lJ: �op r i s  l acco l i th does not 
d i rect l y  a ffect Mesaverde roc ks , but heat f rom the i n
t ru s i ve was p roba b l y  respons i b l e  for the h i gher rank 
coa l s  f rom Fourm i l e  C reek to the M i d d l e  Thompson C reek 
a rea . The Cha i r  Mounta i n  l acco l i th i s  composed of 
qua rtz-monzon i te porphyry (Mu rray , 1 966 ,  p .  1 0 1 ; Godw i n ,  
1 968 , map)  and i s  the l a rgest  i n t rus i ve i n  the a rea 
d i rect l y  affec t i ng coa l -bea r i ng rocks . Coa l seams on 
both the eas t  and wes t s i des of the mounta i n  have been 
l oca l l y a l tered to a n t h ra c i te , and mas s i ve g raph i te 
depos i ts a re reported nea r the Genter M i ne ,  northwes t 

of Ma rb l e  i n  Gunn i son Cou n ty . A sma l l  l a cco l i th i n  the 
s ub s u rface i s  thought  to have formed the Coa l Bas i n  anti 
c l i ne and  to be respons i b l e  for the h i gher rank coa l s  
i n  t h a t  a rea . Lacco l i th s  s tud i ed b y  others i n  the West 
E l k  Moun ta i ns were fou nd to be f l oo red i n  or above 
Wa satch sed i men t s , sugges t i ng a pos t-ea r l y  Eocene age 
( Lee , 1 9 1 2 ,  p .  54-55 ; Mur ray , 1 966 , 1 02 ) . 

D i kes  found i n  the a rea va ry i n  compos i t i on 
f rom basa l t  ( Ha nks , 1 962 , p .  1 48 ;  Godw i n ,  1 968,  map) 
to dac i te porphyry and i n  t h i ckness f rom feather edgu 
to 50 f t  or more . They a re best  exposed i n  Coa l Bas in, 
where they have coked the coa l s  that they cut up to 
50 f t  f rom the contacts . The d i kes do not , as a rule, 
fo l l ow fau l ts .  They do appea r to be tex t u ra l l y and 
poss i b l y  compos i t i ona l l y  dependent on the rocks that 
they cu t .  The known s i l l s w i t h i n  the a rea are  rel ated 

�o maj or d i kes a nd are  not we l l  deve l oped . Extrus i ve 
I �neous rocks a re l i m i ted to basa l t  f l ows between 
M i dd l e  Thompson C reek and Sou t h  Canyo n ,  and  are  not 
known to have a ffected the coa l s .  

F i g _  1 .  I nd ex map of the P i ceance bas i n  show i ng the thes i s  a rea i n  re l at i ons h i p  to t h  . 
opera t i ng coa l m i nes , maj or s t ructu ra l features , and l oca l i t i es refer red to i n  t he t 

� t07ns , coa l  f , e l d s ,  
f i e l ds bounda r i es cor res pond to "Mesaverde" exposures . ex . n genera l ,  the coa l � 
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F i g .  3 .  P l an v i ew of the depos i t i ona l f ramework of the P i ceance de l ta du r i ng depos i t i on of Trout C reek - Rol l i ns 
Sandstone and re l a ted rocks . W i dth of channe l s ,  l evees , and so on exaggerated for c l a r i ty .  Not a l l  of "the fea
t ures shown here have been def i n i te l y i dent i f i ed I n  the s tudy a rea . Sca l e  i s  somewhat a rb i t ra ry .  C ross s ec t i ons 
A - A l and 8 - 8 1 a re s hown on F i g .  4 . 

-
F i g .  4. C ross  sect i on s  of depos i t i on a l  framework of the P i ceance de l ta ;  see F i g .  3 .  for l i nes of sect i on . V r e -:..-t i ca l  and hor i zonta l sca l es are a r b i trary and exaggerated for c l a r i ty .  -r 
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The Mesaverde wa s named on the northern edge 
of the San Juan bas i n  ( Ho l mes , 1 87 7 ,  pp . 245 ,  248) , 
and the t e rm has  s i nce been extended t h roughou t no rth
wes tern Co l o rado , eastern  Utah , a nd sou thwestern  
Wyom i ng on  t he bas i s  of l i thol og i c  s i m i l a r i ty ( see , t'N' for  examp l e ,  Fenneman a nd Ga l e ,  1 906) . The name i s  

,,� used here on l y  because of i t s cus toma ry a p p l  i ca t i on 

I ( F i g .  2) . The g roup i s  d i v i ded i n to t he l i es and 
II1lilJW i  I I  i ams For k  Forma t i ons , a nd va r i es f rom 4 , 595 f t  

i n  th i ckness  nea r P l ac i ta , northwes t  o f  Ma rb l e ,  to 
over 6 , 500 f t  nea r Meeker .  Th i ckness va r i a t i ons  a re 
due to va r i at i ons  i n  ma r i ne and nonma r i ne sed i men t s , � p r i ma r i l y  i n  the l i es  Forma t i o n ,  a nd , nea r Meeke r ,  to ) �I ma rg i na l  ma r i ne lew i s S ha l e  equ i va l en t s  i n  the W i l l i ams 
Fork ( Newma n ,  1 96 5 ,  F i g .  2 and  p .  1 38 ) . 

The l i es Forma t i on i s  1 , 600 f t  th i ck a t  Meeker ,  
i s  p redom i na n t l y  nonma r i ne ,  a nd conta i ns econom i c  coa l s  
i n  the B l ack D i amond coa l g roup . The Mancos Sha l e  tongue 
present i n  the forma t i on at Meeker becomes more p redom i 
nan t to the sou th a s  bas a l  sand s tones pa s s  by fac i es 
change i nto the Mancos S ha l e .  The l i es  i s  1 , 1 75 ft  
th i ck at  Coa l Bas i n ,  whe re the bas a l  Coze t te Sand s tone , 
the Mancos tongue , a nd the Ro l l i ns Sands tone make up 
the ent i re l i es  Forma t i on .  The Coze tte d i sappea rs � ill' llbe �ween Coa I Bas i n and P I a� i ta ,  whe re the Ro I I  i ns re

�a l ns the on l y  rep resen tat I on of t he l i es . The Trout 

I'::':!d I poo, l, d,olnd 

C reek and  Ro l l i ns Sand s tones , wh i ch a r e  l i thogenet i c  
equ i va l en ts (Warner , 1 96 4 ,  p .  1 099) , and wh i ch form 
p rom i nent c l i ffs  and r i dges th roughout mos t  of the 
a rea , occur' a t  the top of the l i es . 

The W i l l i ams Fork Forma t i o n ,  wh i ch va r i es i n  
th i ckness f rom 3 , 600 f t  a t  Sou th Canyon to 5 , 780 f t  
nea r Meeke r ,  conta i ns mos t  of the a rea ' s  econom i c  coa l 
bed s . The W i l l i ams Fork i s  p redom i na n t l y  nonma r i ne ,  
a l though tongues of Mancos S ha l e ,  wh i ch th i n  f rom 
sou th to north , occu r nea r the bot tom ,  a nd tongues of 
ma rg i na l  ma r i ne sed i me n t s  equ i va l en t  to the lew i s  
S ha l e  occur i n  the m i dd l e  i n  the Meeke r a rea ( N ewma n ,  
1 965) . I n  the sou thern pa r t  o f  t h e  a rea , f rom Ma rb l e  
to Nor t h  Thompson C reek , the W i l l i ams Fork has been 
subd i v i ded i nto the Bow i e  Sha l e  and Paon i a  Sha l e  mem
be rs and an uppe r ,  und i fferent i ated memb e r  ( Ha n ks , 
1 962 ; Co i l  i ns ,  1 970 , 1 975 , 1 976) . The Bow i e  Sha l e  
con ta i ns two major  coa l g roups : the l owe r ,  o r  Fa i r
f i e l d ,  wh i ch i s  named after  Hancock and E by ' s  Fa i r
f i e l d  ( 1 93 0 ,  p .  206) , named near Meeker ,  to wh i ch i t  
i s  on l y  pa r t i a l l y  equ i va l ent ; a n d  the Sou th Canyon 
G roup , wh i ch i s  300 to 600 ft  a bove the Fa i rf i e l d .  
A l though bas i ca l l y nonma r i ne ,  Bow i e  equ i va l e n t s  con
ta i n  s i gn i f i cant  ma r i ne i n terva l s  at l ea s t  as fa r 
north as New Cas t l e .  The Paon i a  Sha l e  a nd equ i va l en t s  
con ta i n  o n e  s i gn i f i ca n t  coa l g roup , the  Coa l R i dge , 
and a few i so l a ted l oca l l y th i ck coa l s  i n  the upper 
pa r t .  The und i fferent i a ted sequence con ta i ns seve ra l  
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l oca l ly corre l a ted coa l g roups , i nc l ud i ng the Keys tone 
nea r New Cast l e  and the L i on Canyon nea r Meeker . Coa l s  
i n  the upper W i l l i ams Fork a re h i gh l y  i r regu l a r  i n  
t h i c kness ,  extent ,  and qua l i ty compared to the l ower 
g roups , pa r t i cu l a r l y  the Fa i rf i e l d  Group seams . A l 
though the Paon i a  and und i fferent i ated members and 
the i r equ i va l ents  are p redom i na n t l y  nonma r i ne ,  they 
do conta i n  some ma rg i na l  ma r i ne Lew i s equ i va l en t  
s ed i ments  i n  the Meeker a rea . 

The Mesaverde G roup as exposed i n  the eas tern  
P i ceance C reek bas i n  was depos i ted by  a genera l l y 
sou theas twa rd p rog rad i ng l obate d e l ta , s i m i l a r  i n  some 
respects  to the modern N i ge r  de l ta ( see A l l en ,  1 970) . 
I ntertongu i ng of ma r i ne and nonma r i ne s ed i ments  was 
caused by h i nge- l i ne fau l t i ng on a reg i ona l s ca l e ,  
and  b y  compac t i on and var i a t i ons i n  sed i ment supp l y  
o n  a more l oca l l evel . A hypothe t i ca l  mode l  of 
de l ta i c  depos i t i on i s  presen ted i n  p l an v i ew on 
F i gu re 3, in  cross sect i on on F i gu re 4 .  

A s  many a s  7 cyc l es o f  ma r i ne- nonma r i ne de
pos i t i on a re l oca l l y  i dent i f i a b l e ,  a l though these vary 
i n  number and cha racte r ,  i nd i ca t i ng that reg i ona l 
tecton i sm-- tha t  i s ,  bas i n a l  l owe r i ng-- had l i t t l e  o r  
noth i ng to do w i th cont ro l l i ng cyc l i c  sed i menta t i on i n  
th i s  a rea . Cyc l es can be genera l l y  desc r i bed a s  
fo l l ows : p rode l ta sands and  s i l ts s p read out over 
ocean bas i n  depos i ts ,  as i nd i ca ted by th i c k  Mancos 
S ha l e  sequences wh i ch g rade upwa rd i nto somewhat e r
ra t i c  s a ndy s i l t s tones and f i ne-g ra i ned sands tones . 
De l ta - f ront  sed i ments  a re represen ted by comp l ex 
sand s tones , i nc l ud i ng t he Sego , Corcoran ,  Cozette ,  
and  the Trout  C reek-Ro l l i ns ,  each of wh i ch fo rms the 
base of t he l I es f rom north to sou t h ,  respect i ve l y .  
These s a nd s tones i nc l ude d i s t r i buta ry-mouth ba r ,  bar
f i nger , s u baqueous l evee , ba r r i e r-beach , and l ower d i s
t r i bu t a ry env i ronments . Lower de l ta i c-p l a i n  env i ron
ment s  a re represented by l agoona l , pa l uda l , f l ood
p l a i n ,  and  l acu s t r i ne depos i ts ,  and  conta i n  mos t  of the 
more i mpor tant  coa l zones of the Bow i e  Sha l e  and 
equ i va l en t s . Bounda r i e s  between these sed i ments  and 
over l y i ng p rode l ta ma r i ne depos i t s i n  a reas of cyc l i c  
sed i menta t i on a re often a b rupt and h i gh l y  i r regu l a r  
i n  extent and pos i t i o n ,  a s  a re the un i ts themse l ves , 
aga i n  i nd i ca t i ng l oca l as opposed to reg i ona l contro l . 
Upper de l ta i c p l a i n  depos i ts a re rep resented by gen
era l l y  we l l -def i ned cha nnel  sands tones , ove rbank and 
f l ood- p l a i n  sed i ments , and  m i nor coa l s  in the uppe r 
Paon i a  S ha l e  and und i fferen t i ated members  and equ i va
l en t s .  De l ta i c  sed i menta t i on i s  further  i nd i ca ted 
by c u r rent fea t u res i n  seve ra l  of these env i ronmen t s ,  
part i cu l a r l y  i n  prode l ta and de l ta f ront depos i ts .  
F l ow ro l l s  and ba l l -and-p i l l ow s t ructures a re common 
i n  the upper Mancos tongues i n  the l I es ; and va r i ous 
l oad featu res , c l ay ga l l s ,  and contorted bedd i ng occu r 
i n  the de l ta i c  p l a i n  fac i es of the W i l l i ams For k .  I n  
add i t i on ,  seve ra l  g rowth  fau l ts have been ten ta t i ve l y  
i dent i f i ed .  

QUAL I TY OF  EASTERN P I CEANCE CREEK BAS I N  COALS 

Ana l ys i s  of the coa l s  of the eas tern P i ceance 
C reek bas i n  i nd i ca tes a w i de range of phys i ca l  and 
chem i ca l  cha racte r i s t i cs .  Ran k  va r i es f rom h i gh 
vo l a t i l e  C to anthrac i te and g raph i te .  Coa l t h i c k
nesses range up_ t_o 6D. _ft .  wi th f rom 2 to as many as  

1 5  seams of  m i neab l e  t h i cknes s i n  any one a rea . 

d f the coa l s  of th i s  
Dur i ng a recent s tu Y 0 

(c I I ' 1 975 1 976)  a number of s amp l es were area 0 I ns , . ' , . f tes ts  i n-
co l l ected a nd subj ected to a va r i e ty 0 . ' . 
c l ud i ng petrog raph i c ,  prox i ma te and u l t i mate �na l ys l s , 

and ash  and X- ray ana l ys i s .  L i thotype a na l YS I S  was 

ca r r i ed out on a l i m i ted number of samp l es and on 

i n- p l a ce coa l seams , and i nd i ca tes tha t the h i gh
qua l i ty cok i ng coa l s  of the sou thern  part  of the a rea 
genera l l y  have a h i gher v i t ra i n  content ,  i n  th i cker 
bands  than those seams farther north . Because the 
numbe� of s amp l es was sma l l ,  these conc l us i ons may 
not be s ta t i s t i ca l l y  va l i d .  Dura i n  contents were 
found to be s l  i gh t l y  h i gher i n  the m i ds l e  port i on of 
the reg i on . Fusa i n  i s  p resent throughout the area 
but  rare l y  i n  bands t h i ck enough to measure . 

M i cros cop i ca l l y ,  54 samp l es were exam i ned , a l 
thoug h on ly  1 9  i n  deta i l .  Col l i n i te was found to be 
the predomi na n t  v i t r i n i te macera l ,  a l though tel i n i te 
was a l ways p resent and usua l l y  we l l  deve l oped . Spori
n i te , cut i n i te , and res i n i te were a I I  common representa' 
t i ves of the ex i n i te g rou p ,  but a l g i n i te was not i denti' 
f i ed at a l l _  Fus i n i te was the mos t  common i nert i n i te, 
w i th m i cr i n i te somewha t  l es s  abundant .  Sc l erot i n i te 
and sem i fus i n i te were often we l l  deve l oped , but rare. 
Overa l l ave rage macera l g roup d i st r i bu t i on was 71 . 8  
percen t v i t r i n i te ,  1 3 . 7  percent ex i n i te ,  1 1 . 3 percent 
i nert i n i te ,  and 3 . 1 percent m i nera l mat ter , the latter 
cons i s t i ng p r i ma r i l y  of qua rtz g ra i ns ,  crysta l l i ne a� 
amorphous py r i te ,  and c l ays . 

The 1 . 6 spec i f i c  g rav i ty s i nk mater i a l  from 
1 9  samp l es was exam i ned m i c roscop i ca l l y  to determi ne 
how ash  mate r i a l s  occu r i n  these coa l s .  S i l ty and 
sha l ey coa l or coa l y  s i l tstone predomi nated , usual l y  
we l l m i xed b u t  occa s i ona l l y l aye red . Th i s  mater ia l  
i s  genera l l y  refer red to  as  "bone" when i dent i f ied 
mega scop i ca l l y .  Qua rtz g ra i ns , ca l c i te ,  se l en i te 
gypsum, c l ay fragments , a nd l i mon i te were fa i r ly  
common , but py r i te and fel dspar  g ra i ns were re l at i vely 
rare . 

The p rox i ma te a na l ys i s  i nc l udes , fo r the pu� 
pose of th i s  repo r t ,  mo i s tu re ,  a s h ,  vo l a t i l e  matter, 
f i xed carbo n ,  Btu , f ree-swe l l i ng i ndex , and ash
soften i ng tempera ture . I n  the fresh coa l samp l es 
tes ted , mo i s tu re va r i ed f rom l es s  than 2 percent 
a t  Coa l Bas i n  to over I I  pe rcent north of Meeker . 
Mo i s tu re i s  usefu l a s  a n  i nd i rect mea sure of weather in! 
or  ox i da t ion , w i th ox i d i zed coa l s  runn i ng as h i gh as 
20 . 5  percent . 

. As- rece i ved Btu , shown on F i gure 5 ,  ref lects 
� I s ture 70ntent and i s ,  the refore , not ve ry usefu l 
I n  compa r i ng coa l s .  I t  i s  an i mportant comme rc i a l  
va l ue because i t  i nd i ca tes the Btu content to be expected from the m i ne .  As can be seen as- rece i ved 
Btu genera l l y  i nc reases f rom north to s�uth  a l ong w i th i nc reas i ng rank .  ' 

. Vo l a t i l e  ma tter  (d ry va l ues shown on F i g .  6) cons l s ts . of s team and va r i ous a roma t i c  and a l i phat i c decompo� l t i �n products . The we i ght  l os s  of the sample on heat l �g
_ 

I S  vo l a t i l e matter p l us mo i s tu re ,  wh i l e the rema i n i ng char i s  f i xed ca rbon p l us a s h .  Vo lat i l e  ma tter  decreases ma rked l y  f rom north  to  sou th . aqa i n  
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w i th i nc reas i ng ran k ,  and va r i es rap i d l y  i n  the 
v i c i n i ty of i g neous i n t rus i ves . Va l ues range f rom 
48 . 8  percen t nea r N i ne M i l e  Gap to 6 .  I pe rcen t a l ong 
Ras pber ry C r eek nea r Ma r b l e .  Nea r a d i ke i n  Coa l 
Bas i n ,  na t u ra l  coke had a vo l a t i l e matter  content of 
6 . 5  percen t ,  a l tered coa l 1 4 . 2  percen t ,  a nd una l tered 
coa l 22 . 6 percen t .  

P l an t  a s h  va r i es f rom 1 . 5 t o  3 percent for 
woody p l a n t s  and  i s  h i g he r  for some g rasses and reed s . 
Sed i mentary a s h  va r i es f rom 0 to 1 00 percen t .  Ash 
for  samp l es w i th  Btu  r i se ranged f rom 1 . 7 percent for 
a l ump f rom t he Fou r M i l e  C reek a rea to 90 . 2  pe rcent 
for a coa l y  s ha l e  f rom Coa l Bas i n .  Coa l seam ash  
a ve raged 5 to 8 pe rcen t . A l though there a re def i n i te 
patterns  i n  l oca l a s h  d i s t r i bu t i on ,  the re were no 
d i s ce rn i b l e  reg i ona l ones . 

D ry B t u  i s  i nd i rect l y  dependen t on a s h  content 
and  ox i da t i on .  I t  gene ra l l y  i nc reases w i th rank up to 
t he l ow-vo l a t i l e  l eve l , then decreases th rough the 
an t h ra c i tes to g raph i te .  As seen on F i gure  7,  d ry Btu  
i n  the a r ea s tud i ed va r i es f rom l es s  than  1 2 , 000 to 
over 1 5 , 000 B t u/ l b  for unox i d i zed coa l . 

The f ree- swe l l i ng i ndex ( FS I ) ,  s hown on 
F i gu re 8 ,  g i ves an i nd i ca t i on of the cok i ng nature of 
a pa r t i cu l a r  coa l . I t  i s  not an i nd i ca tor  of how we l l  
t ha t coa l w i l l  coke , nor of  t he q ua l i ty of  the coke 
p roduced . Cok i ng coa 1 s ,  tha t  i s  coa I s wi th an FS I of 
l or g reater;Va ry i n  ra nk  f rom h i g h- vo l a t i l e C to low 
vo l atTie-: - -l n the ea stern  P i ceance C reek bas i n ,  FS I ' s 
va r i ed f rom 0 for a l l samp l es nor t h  of Aspen Gu l ch ,  
except for one f rom Ha rvey Gap ,  to 9 for a l l Coa l Bas i n  
samp l es a nd for a pa r t i a l  seam samp l e  f rom M i dd l e  
Thompson C reek . 

Ash  fus i on tempera t u res a re i mportant  i n  coa l 
u t i l i za t i on s tud i es ,  w i th h i gh va l ues i nd i ca t i ng poten
ta i l  s l agg i ng p rob l ems . For the coa l s  tested , va l ues 
ranged f rom 2 , 1 70° to 2 , 730 ° F ,  and some were even 
g reate r .  

U l t i mate ana l ys i s  i nc l udes tes t i n g  for ca rbon 
hyd rogen , n i t rogen , oxygen , and s u l f u r , a l though su l 
f u r  i s  often i nc l u ded i n  the p rox i mate a na l ys i s .  I n  
the eastern  P i ceance C reek bas i n ,  carbon genera l l y 
i nc reases f rom north  to sou t h  w i th  i ncrea s i ng rank 
and va r i es f rom j us t  under 70 pe rcent to abou t 85 per
cen t .  The hyd rogen content was found to be fa i r l y  
s tab l e  ove r the en t i re a rea , averag i ng about 5 percent . 
N i t rogen was a l so fa i r l y  constan t , rang i ng f rom 1 . 3 
to 2 . 1 percent and averag i ng 1 . 7 percen t . 

Oxygen i s  presen t  i n  d ry coa l f rom the or i g i na l  
p l a n t  ma te r i a l  and f rom ox i da t i on by a i r  o r  by su rface 
or g round wa ter .  Oxygen content i s  an  i mpor tant  factor 
i n  eva l ua t i ng cok i ng coa l s ,  as i t  can a l te r  or even 
des t roy the cok i ng p ropert i es of otherw i se  s t rong l y  
cok i ng coa l s .  Va l ues i n  the a rea under s tudy here , 
s hown on F i gu re 9 ,  va r i ed f rom 2 . 5  percent for a 
med i um-vo l a t i l e samp l e  f rom Coa l Bas i n  to 1 6  percent 
for a h i gh-vo l at i l e C samp l e  f rom N i ne M i l e  Ga p . 

Su l fu r  was found to be re l a t i ve l y  u n i form i n  
f resh coa l samp les , ave rag i ng 0 . 70 percen t ,  w i th  mos t  
l oca l i t i es vary i ng f rom 0 . 60 to 0 . 85 percen t . On l y  
fou r samp l es exceeded 1 . 0 percen t .  N i neteen samp l es 

were tes ted for the form of the i r  s u l fu r  content .  
S u l fa te s u l fur  ranged f rom 0 t o  0 . 1 6  percen t ,  organ ic 
f rom 0 . 34 to 0 . 62 percen t ,  and py r i t i c  f rom 0 . 03 to 
0 . 54 percent . These va l ues a r e  for coa l samp l es on l y . 

A l l samp l es co l l ected by the a u t hor  were sub
j ected to d i f f ra c t i on X- ray ana l ys i s .  S e l ec t e� re
s u l ts a re g i ven on F i gure  1 0 .  I n t�nse sca t te r l n� by 
comp l ex organ i c  mo l ecu l es mas ked v i r t ua l l y  a l l  m l ne�1 1 
peaks except the s t rong quartz  peak a t  2 6 . 7°29 . The 
s e l ected samp l es s hown do ref l ec t  t he i nc reased defi ni· ., 
t i on of the p r i nc i pa l  g raph i te pea k a t  27 . 5° 29 qu i te 
we l l .  Th i s  i nc rease , due to i ncreas i ng a roma t i zation, 
i s  c l ea r l y  rank d ependent . 

graphite 
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natural coke 
Dutch Creek . 1  
(m·91 

anthracite 
Genter Mine 
(d·5SI 

low volatile 
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Four Mile Mine 
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2 10 20 27.5 30 40 Mine (d·681 

F ! g .  1 0 . X- �ay powder d i f frac t i on pat terns  of eastern P i ceance bas i n  coa l s  S 1 . 
f i  

• amp es were s e l ected spec l -ca l l y  t o  show va r i a t Lons accord i ng t o  r a n k  i ncrease, 
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!nt, 
RELAT I ON O F  COAL QUAL I TY TO DEPOS I T I ONAL ENV I RONMENT 

l,�i 
� The qua l i ty of the coa l s  i n  the ea s tern  

P i ceance C reek bas i n ,  as  i n  any coa l bas i n ,  depends 
�on the nature of depos i t i on i n  the o r i g i na l  pea t 
ct,:', swamp and on the d i agenet i c changes to wh i ch the pea t 
,tel" mater i a 1 has been exposed . Both phys i ca 1 and chem i ca I 
ail i cond i t i ons a re i mpor tant  i n  each of these factors , a nd 
l'i:, i n  many cases the borde r 1 i ne between phys i ca 1 and 
• •  chemi ca l  change is  i nd i s t i nc t , as  is  the boundary beS:;': tween depos i t i ona 1 a nd d i agenet i c change . 

To summa r i ze the depos i t i ona l env i ronment  that  
produced the coa l s  of the eastern  P i cea nce C reek ba s i n , 
the peats wh i ch l ed to these coa l s  were depos i ted 
as pa rt of a southea s twa rd-prog rad i ng de l ta comp l ex .  
Most of the. pea ts were o f  f res h-wa te r  o r i g i n ,  a l t houg h 
two areas �f h i gher s u l fu r ,  h i gher  a s h  coa l c l osely L.. 
bounded. (Jy 1 !l.!i0on a 1 i nd i ca tors  sugges t l oca l accumu- " 
l a t i ons of brafk i �h-water  pea t s . The l owe r coa l s  i n  
each grou p ,  usua l l y h i gher  i n  a s h  a nd somet i mes i n  
su l fur ,  are thought  to be of i n terd i s t r i buta ry ma rsh  
or ig i n ,  and p robab l y  deve l oped f rom g ra s s  p rogen i tors 
and reeds . A gene ra l l y  l ower v i t ra i n-v i t r i n i te per
centage i n  these coa l s  at l ea s t  s ugges ts the  spars i ty 
of woody p l ants . Ext reme va r i a t i ons  i n  t h i cknes s , 
l atera l extent ,  and nature  of the seams a l so sugge s t  
such a n  env i ronment .  

As the de l ta p rog raded , poo r l y  to moderate l y  
dra i ned forest swamps deve l oped , w i th  f l ora l as sem
b l ages not u n l i ke that  of the present M i s s i ss i pp i  de l ta .  
Rock sp l i ts ,  wh i ch a re h i gh l y  var i a b l e  i n  t h i cknes s ,  

: exten t ,  and compos i t i o n ,  represent c revasse- s p l ay de\ �,pos i ts .  Some of the' t h i cke r ,  mo re regu l a r  i n te rva l s  
" between seams a re due e i ther  to i n terrupt i ons o r  to i n
creases i n  de l ta i c  sed i menta t i on wh i ch resu l ted e i ther 
in  submergence a nd dea th of the swamp by ma r i ne i nvas i on 
or i n  chok i ng off of pea t accumu l a t i on by sed i ment  i n-

' � vas ion and by the p resence of oxygena ted su rface wa ters , 
' respect i ve l y .  

� I n  the fore s t  swamp i t se l f ,  wa ter  cu rrents  
�were s l ow mov i ng ,  except where rock sp l  i ts rep resent 

' " tempora r i l y h i gher  ve l oc i ty cond i t ions . Boney pa r t i ngs  
, and layers of  h i gher ash  coa l i nd i ca te s l i ght l y  h i gher  
� than norma l cu r ren t cond i t i ons where p l an t  deb r i s  
, accumu l a t i on was not i nter rupted . Wh i l e i nsuff i c i en t  
."work has yet been done i n  t h e  a rea t o  rea l i s t i c a  I I  y 

\ �def i ne pa l eotopog raphy even i n  the mos t  l oca l sense , 
·: some genera l i za t i ons can be made . Low a reas we re 

centers of exi n i te a nd i ne r t i n i te accumu l a t i on ,  
�fus i n i te excepted , and were a l so a reas of i nc reased 
� � I ay depos i t i on i n  some ca ses . Thus du ra i n- r i ch coa l s  

... -' now represent l ow a reas i n  the  or i g i na l  swamp , wh i l e 
i!,v i tra i n  and c l a ra i n  i nd i ca te s l  i gh t l y  h i gher a reas of 
: accumu l a t i on .  The genera l l y  l ow fusa i n  content  of the 
" th i cker coa l s  i s  i n terpre ted as  i nd i ca t i ng the absence 
" nf ground-cover p l an ts a nd s h rubs , the d ry i ng of wh i ch 

. wou ld  be more conduc i ve to extens i ve swamp f i res than 
'I ' a fores t- type as semb l age . 

Hea t due to dept h  of bu r i a l  i s  the most i m
portant overa l l  factor i n  the coa l i f i ca t i on p rocess . 
Wh i l e no w i de l y  accepted c r i te r i a  ex i s t  for e s t i ma t i ng 

" the depth of bu r i a l  of a coa l seam under a l l cond i t i ons ,  
� �  comb i na t i on of methods t ha t  have been used , s uch as  

J ;I'H i l t ' s  ru l e  (Mason , 1 95 8 ,  F i g .  39)  and some of t he 
: ,�� 

Te i chmul l e r  s tud i es ( see Te i chmul l er and Te i chmul l er 
( 968) , i nd i ca tes tha t the coa l s  of the cen t ra l  easte ;n 
: i ceance C reek bas i n  we re p roba b l y  bu r i ed to a depth 
of 1 1 , 200 to 1 1 , 700 f t .  Th i s  ag rees reasonab l y  we l l  
w i t h  t he p roj ected tota l Upper C retaceous and Ter t i 
a ry sed i menta ry reco rd i n  the  a rea . Samp l es f rom 
the north end of the a rea , nea r N i ne M i l e  Gap ,  i nd i 
cate bu r i a l  depths of a s  l i t t l e  a s  8 , 000 f t , and 
other l oca l var i a t i ons occur  nor t h  of Fou r M i l e  C reek . 
The coa l s  to t he south of Fou r M i l e  have been e l eva ted 
i n  rank so l e l y  by the i r p rox i m i ty to the i gneous i n
t rus i ons i n  the a rea , s uch  as Cha i r  Moun ta i n  and Mt . 
Sopr i s .  

The cok i ng q ua l i ty of the coa l s  of the sou thern 
pa r t  of t he eas tern P i ceance C reek ba s i n  is  p redomi nant l y  
rank dependent �  and , therefore ,  i s  d i agenet i ca l l y de
pendent . Coa l s  w i t h  very s i m i l a r  pet rog raph i c  p rof i l es 
f rom the Coa l Bas i n  and Meeker a reas have d ra s t i ca l l y  
d i fferent cok i ng characte r .  Howeve r ,  the i mportance 
of v i t r i n i te and exi n i te content  i s  a l so c l ea r ,  a nd 
such con tent i s  con t ro l l ed so l e l y  by the sed i mentary 
env i ronment i n  the o r i g i na l  swamp . V i t r i n i te �  wh i ch 
rep resents the rema i ns of woody p l a n t s ,  i s  the most  
reac t i ve ' ma�er� 1 i n  cok ing , a nd coa l s  w i th h i gh � i t r i 
n i te con te'n ts genera l' l y  make the bes t ' cokes . Ex Lrl i tes , 
wh i ch cons i s t  of the rema i ns of po l l en and spores , l eaf  
cut i c l es ,  p l an t  res i n  and waxes , and a l ga e ,  a re h i gher 
i n  vo l a t i l e  ma t ter than the v i t r i n i te i n  the same 
samp l e .  They f roth more when hea ted i n  the coke oven , 
and l ead to a more open , porous s t ru c t u re than does 
v i t r i n i te a l on'e . Th i s  is des i rab l e  up to a po i nt ,  bu t 
a h i gh �x i n ite content coup l ed w i th l ow v i t r i n i te may 
l ead to a sof t , weak coke , rega rd l ess  of ran k .  The i n
e rt i n i tes , p r i ma r i l y  m i c r i n i te and  fus i n i t e ,  take 
l i t t l e  or no pa rt  i n  the cok i ng p roces s .  F rom t h i s  
i t  i s  c l ea r  t ha t ,  wh i l e sed i mentary con t ro l s  on 
cok i ng characte r i s t i cs wou l d  appea r to be s ubo rd i na te 
to ran k ,  or deg ree of metamorph i sm ,  the or i g i na l  
swamp env i ronment  does i ndeed affect the na ture of the 
cok i ng coa l p roduced by subsequent changes t h rough  t i me . 

COAL PRO DUCT I ON I N  THE EASTERN P I CEANC E  CREEK BAS I N  

The eas tern  P i ceance C reek bas i n  coa l f i e l ds 
were opened i n  the  m i d  1 880 ' s  and have p roduced con
t i nuous l y  eve r s i nce . Tota l p roduct i on to January I ,  
1 976 , i s  approx i ma te l y  22 m i l l  i on tons . F rom the 
f i rs t  p rod uc t i on u nt i l 1 9 1 6 ,  seve ra l l a rge m i nes  were 
i n  opera t ion , p r i ma r i l y  i n  the S p r i ng G u l ch- Fou r M i l e  
a nd Sou t h  Canyon- New Cas t l e  area s .  These m i nes were 
se rved by the Co l o rado M i d l and Ra i I road ; when the M i d
l and wa s abandoned i n  1 9 1 6 ,  l a rge- s ca l e  coa l p roduct i on 
ceased . P roduc t i on p i cked up aga i n  i n  the 1 950 ' s  w i t h 
the open i ng of m i nes on Nor t h  Thompson C reek a nd i n  
Coa l Bas i n .  Wh i l e t he ea r l y  yea rs of th i s  cen t u ry 
saw the g rea tes t number of m i nes p rodu c i ng and numbe r 
of men emp l oyed , 1 975 was the yea r of g reatest  p ro
duct i on ,  approx i ma t e l y  I m i l l i on tons . 

Wh i l e coa l s  w i t h  a w i de range of u t i l i ty ,  
i ndus t r i a l , and comme rc i a l  app l i ca t i ons  obv i ou s l y  
ex i s t i n  the eas tern P i ceance C reek bas i n ,  modern  
m i n i ng has been l i m i ted to  t he meta l l u rg i ca l  coa l s  
found sou t h  of Spr i ng Gu l cn ,  i n  the Thompson C reek 
a nd Coa l Bas i n  a reas . The obv i ou s  ques t i on at t h i s  
po i n t ,  the n ,  i s  why has there not been further  
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deve l opmen t  i n  t h i s  a rea? The answer i s  s i mp l y  tha t 
geo Lqg i c  p rob l ems encountered in- the �area proh i bi t  

i econom i c  m i n i ng w i t h  p resent-da y  techn i ques . Hie-
mos t  obv i ou s  geo l og i c  p rob l em i s  d i p .  At M i d-Cont i 
nen t ' s  Coa l Bas i n  opera t i ons , ord i nary  con t i nuous 
m i n i ng tech n i ques  are u t i l i zed on an average d i p  of 
1 3 ° ,  or 23 pe rcen t ;  d i ps occa s i ona l l y exceed 1 5° .  
Th i s  i s  i n  s p i te of the fact tha t mos t  m i n i ng text
books s ta t e  tha t such  equ i pmen t cannot be used on d i ps 
exceed i ng 7 to 8° . At Thompson C reek , d i ps average 
s l i gh t l y  ove r 30° ; spec i a l i zed equ i pmen t  and m i n i ng 
techn i ques w i l l  be used i n  these m i nes , wh i ch cur� 
ren t l y  a re be i ng reopened by Anchutz Coa l Company , 
when fu l l  p roduct i on i s  resumed . Mos t  of t he re
ma i nder  of the a rea sou th of Su l ph u r  C reek , j us t  nor t h  
of Meeke r ,  exh i b i t s d i ps i n  excess of 40° ,  a n d  i n  
some p l a ces  the coa l beds a re actua l l y  ver t i ca l  or  
ove r t u rned . These a reas  awa i t s pec i a l  i z ed m i n i ng 
tech n i ques  to a l l ow econom i c  ext ract i on on a ny th i ng 
app roach i ng l a rge s ca l e .  D i p  i nc rease a l so resu l ts 
i n  rap i d l y  i nc rea s i ng cove r .  

Fau l t i ng i s  ano t h e r  geo l og i c  prob l em tha t 
has  i n  the  pas t  determi ned m i n i ng l i m i ts i n  severa l 
m i nes i n  t he a r ea .  I n  genera l ,  a fau l t  w i th a th row 
up to t he t h i ckness of the  coa l seam causes l i t t l e  
d i ff i cu l ty i n  ent ry deve l opment . Fau l t i ng i s  often 
a ccompan i ed by other  p rob l ems , however ,  s uch a s  50f t  
o r  b roken top , exces s i ve amoun t s  o f  wa t e r  o r  gas , a nd ,  
u nd e r  cer ta i n  cond i t i ons , re l i ct  s t resses  tha t can 
cause bumps or  ou tbu r s ts . Many of the fau l ts i n  the  
southern  pa r t  of the a rea have a rota t i ona l componen t ,  
comp l i ca t i ng m i n i ng somewhat where l a rge fau l ts a re 
encountered . 

I n  the sou thern  p a r t  of the a rea , where coa l 
rank  has been e l eva ted by the rma l p rocesse s ,  excess i ve 
amou nts  of me thane gas have been genera ted and , i n  l a rge 
pa r t ,  t rapped i n  the coa l . Gas has been a p rob l em i n  
a l l of the m i nes opened south of Four M i l e  C reek . I n  
the  Coa l Bas i n  a rea , methane em i s s i on ra tes of up to 
2 , 000 cu f tlton have been est i ma ted . 

I n  the  New Cas t l e  a rea i n  pa rt i cu l a r ,  spon
taneous combu s t i on i n  p i l l a r s  d u r i ng p i l l a r  ext ract ion  
and the p resence of unusua l l y  h i gh l y  exp l os i ve dus t 
have caused p rob l ems . V i r tua l l y  every maj o r  m i ne i n  
t h i s  d i s t r i c t has suffe red a t  l ea s t  one f i re o r  ex
p l os i on .  A ser i es of such acc i dents  nea r the t u rn of 
the cent u ry took a l a rge number of l i ves . 

SUMMARY 

I n  summa ry , t he eas tern  P i ceance C reek bas i n  
cont a i ns a t  l ea s t  3 . 1 3  b i l l i on tons of h i gh-grade 
b i tumi nous coa l a nd anthrac i te ,  much of t h i s  coa l 
be i ng cons i de ra b l y  h i g he r  i n  qua l i ty than mos t  other 
Wes tern  coa l . Wh i l e  sed i mentary env i ronment  has had 
some i nf l uence on coa l qua l i ty ,  the p r i nc i pa l  deter
m i n i ng factor is  an  abnorma l l y  h i gh geotherma l g rad i 
en t caused by the p resence of numerous i gneous  i nt ru
s i ves  i n  the southern  po r t i on of the a rea . Geo l og i c  
cond i t i ons , known m i n i ng tech n i ques , hea l th and safety 
l aws , and economi cs have l i m i ted modern  m i n i ng to the 
cok i ng coa l s  found f rom Spr i ng Gu l ch sou t h .  Exp l o i ta
t i on of the h i gh-g rade steam coa l s  found i n  much of the 
a rea awa i t s p ract i ca l  so l u t i ons to these p rob l ems . 
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ABSTRACT : A mode l coa l resou rces eva l ua t i on of a comp l ete bas i n  i s  presented , u s i ng the  Tr i n i dad-Ra ton bas i n  as  
an examp l e .  Th i s  app roach i s  recommended to avo i d  exces s i ve exp l ora t i on d r i l l  i nq cos t s , a nd to  m i n i m i ze fol l owup 
cos t s  of p rope r t y  acqu i s i t i on and m i ne deve l opme n t . The obj ect i ve of the  totaZ basin evaZuation concept i s  not 
on l y  to e s tab l i sh a comprehens i ve ba se l i ne ana l ys i s  of the  coa l resou rces , b u t  a l so an  a na l ys i s  of the  econom i c  
factors i nvo l ved i f  deve l opmen t o f  t h e  resou rce i s  to b e  under taken . The bas i c  d a ta for an  assessmen t  o f  th i s  
type mus t  be s u f f i c i en t  to answe r many d i verse  ques t i ons . Some of these ques t i ons a r e :  ( 1 )  wh i ch a reas have the  
h i ghes t reserve pot en t i a l s  and can j us t i fy exp l o ra t i on expenses ? ; ( 2 )  wha t i s  the  m i nera l owne r s h i p  p i c t u re ? ; 
( 3 )  whe re a re t he ma rkets for th i s  coa l and wha t i s  the  bes t way to t ranspo r t  the  coa l ? ;  ( 4 )  how much wou l d  i t  
cos t  to deve l op a m i ne i n  the a rea ? ;  ( 5 )  i s  an on-s i te e l ect r i c  genera t i ng p l a n t  feas i b l e? ;  ( 6 )  wha t abou t a n  
on- s i te gas i f i ca t i on p l a n t ? ; ( 7 )  wha t a re t he compe t i ng ene rgy m i ne ra l s  i n  t h e  a rea ? ; ( 8 )  wha t i s  t h e  present  
l and-use s ta t us ? ; ( 9 )  wha t  a re the e n v i ronme n ta l -eco l og i ca l  cons i de ra t i ons ? ;  and ( 1 0) i s  suff i c i en t  wa t e r  
ava i l ab l e? 

NTRODUCT I ON  

We be l i eve the bes t method to  exp l o re for coa l 
s to l oca te severa l favora b l e  a reas for exp l ora t i on 

l i th i n  a bas i n  by s tudy i ng t he bas i n  a s  a who l e .  We 
:a 1 1  th i s approach the bJ!.��uatio�onc.B.Pt wh i ch 
las been used s ucce s s fu l l y for many yea rs  by o i l com
lan i es to d i scover new o i l  a nd gas f i e l ds .  O n l y  re
:en t l y  i s  th i s  method be i ng app l i ed to coa l exp l o ra t i on .  
iome compa n i es ,  pa r t i cu l a r l y  certa i n  coa l compa n i es ,  
le l i eve that  exp l ora t i on i s  the  d r i l l  i ng of one o r  two 
:ore ho l es a qua r t e r  of a m i l e  away f rom a produc i ng 
:oa l m i ne .  

The basin evaZuation concept i nc l udes much more 
:han know i ng the depos i t i ona l h i s to ry ,  dept h ,  and 
: h i ckness of the coa l bed s . Many other  cons i de r a t i ons 
I re neces s a ry by p r i va te i ndus t ry before a "Jo " or 
'no-go " decision can be made to comm i t  exp l ora t ion  
lo l l a rs a nd to es t i ma te the l ong- range cap i ta l  i nves t
len t costs . Many d i verse ques t i ons shou l d  be a nswe red . 
Ie w i l l  d i scuss  some of the  obv i ous ones . I t  i s  on l y  
I fter  these s i mp l e  ques t i ons  a re answe red tha t a com
'any can ma ke a sound dec i s i on .  The basin evaZuation 
'oncept shou l d  i nc l ude a t  l ea s t  the fol l ow i ng 1 0  bas i c  
l ues t i ons : 

1 .  

2 .  
3 .  

Wha t  i s  t h e  h i s to ry o f  coa l p roduc t i on 
from the  a rea?  
What i s  the  qua l i ty of  t h e  coa l ?  
Whe re a re t he l a rges t pot en t i a l  u ndeve l oped 
coa l resources i n  t he bas i n  whe re core 

9 76 Symposium on the Geo Zogy 
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d r i l l i ng and other  expenses m i gh t  be 
j u s t i f i ed ?  

4 .  Wha t i s  the  m i ne ra l ownersh i p  p i c t u re , a n d  
wha t i s  t h e  p resen t s ta tus o f  iand  u s e ?  

5 .  I s  suff i c i en t  wat e r  ava i l a b l e  f o r  domes t i c  
as we l l  a s  i ncrea sed i nd us t r i a l  use? 

6.  Where  wou l d  the  ma rkets be for the  coa l , 
and what  are  the s h i pp i ng cons i de ra t i o n s ?  

7 .  Wou l d  i t  make sense to deve l op a m i ne
mou th  ene rgy comp l ex ra the r than  to s h i p  
coa l out  of the a rea ? 

8 .  How much wou l d  i t  cos t  t o  deve l op a m i ne 
i n  t h e  a rea? 

9.  Wha t a re the  other  ene rgy m i ne ra l s  i n  the 
a rea , and wou l d  t hey be compe t i t i ve? 

1 0 .  Wha t a re the  env i ronmen t a l  and eco l og i ca l  
cons i de ra t i on s ?  

I dea l l y ,  t h e  above ques t i ons s hou l d  b e  answe r ed about  
any bas i n  before comm i t t i ng exp l o ra t i on dol l a rs . 

To demons t rate  the basin evaluation concept 
and to answer these ques t i ons , we have chosen the 
T r i n i dad-Ra ton bas i n  as  a mode l .  

H I STORY OF  COAL PRODUCT I ON 

Coa l wa s f i rs t  repo r ted i n  the  T r i n i dad- Ra ton 
bas i n  i n  1 848 ( F i g .  1 ) . M i n i ng began i n  1 873 a nd 
r eached a peak p roduct i on of 7 1  mi l l i on tons d u r i ng 



46 

T. 3 1  S. 

, 

C .  L .  AMUEDO and R .  S .  BRYSON 

F I G U R E  .. 

M I N I N G D I ST R I CT S  

T. 3 1  S. 

;3\ sl _ _ _ _  -��lI::4��_1III Iit.-�-�_"'___,.__� 
, �4\ �����-""., 

T 27 N 

TR I N I DAD RATO N R EG I ON 
COLORADO A N D  N EW M E X I C O  

REGIONAL COAL RESOURCES STUDY 

F i g .  I .  Tr i n i dad-Ra ton bas i n  m i n i ng d i st r i ct s .  



TR I N IDAD-RATON BAS I NS : COAL EVALUATION 4 7  

he  1 0-yea r per i od f rom 1 9 1 1 - 20 ,  averag i ng 5 . 6  m i l l  ion  
ons annua l l y  i n  Co l orado and 1 . 5 m i l l  i on  tons i n  New 
lexico .  Cumu l a t i ve p roduct i on th rough 1 97 5  for the 
nt i re bas i n ,  f rom ava i l a b l e  reco rd s , i s  est i ma ted to 

� 325 . 5  mi l l i on tons--24 7 . 5  m i l l i o n  for the Co l orado 
,ort ion ,  and 78 mi 1 1  i on f rom New Mex i co .  I n  1 975 , 
:ota l product i on i n  the bas i n  was about 1 . 6 m i l l ion  
:ons , approx imate l y  600 , 000 tons i n  Co l o rado and one  
l i l l ion tons i n  New Mex i co .  

On F i gure 1 ,  a nd on a l l  subsequent i l l us t ra t i ons , 
:he top of the Upper Cretaceous Tr i n i da d  Sands tone out
:rop is  i nd i ca ted , ma rk i ng t he base of the coa l mea s u res , 
Ind enc l os i ng abou t 2 1 00 sq m i  of coa l -bea r i ng rocks . 

The Tr i n i dad-Ra ton bas i n  s t radd l es t he Co l orado-
lew Mex i co State 1 i ne .  The a rea is mounta i nous on the ] Iestern s i de ,  where the average e l eva t i ons range f rom 

I lbout 9 ,000 to 1 3 , 000 f t  above sea l eve l i n  the Sang re 
l ie Cr i sto Mounta i ns .  Wes t  Span i s h Peak ( e l eva t i on 
1 3 , 600 ft) i s  the h i ghest  po i nt i n  the a rea . The topo
Iraphy becomes more gent l e ,  but  d i s sected , as i t  s l opes 
!astwa rd to the base of t he coa l mea s u res ' ou t c rop ,  

I lhere e l eva t i ons a re usua l l y  abou t 7 , 000 f t . The 
: I argest towns i n  the Co l o rado pa r t  of the bas i n  are  
la l senburg (popu l a t i on I5 , 000) and T r i n i da d  (� I O , OOO) . 
I n  New Mex i co ,  Ra ton has approx i ma te l y  7 , 500 i nhab i tants . 

I Al l of the coa l s  w i th i n  the bas i n  are  found i n  
.ate Cretaceous and ea r l y  Ter t i a ry age rocks , f rom the 

I ; urface to more than 3 , 000 f t  i n  depth . The coa l i s  
:ound i n  the Vermejo a nd Ra ton Forma t i ons . A l l o f  the\ 
:oa �!�e_�e !,o

. 
r�at i ons  were .depos i t ed i n  d i s c rete 

I l enses up  to TO n th i c k ,  wh i ch canno t  be co r re l a ted , :h roug1loi:it t he -·ba-sTn-. 
Coa l s  of s i m i l a r  age i n  o the r Rocky Mou nta i n  

las i ns are norma l l y  subb i tumi nous to l i gn i te i n  rank .  

However ,  due to the reg i ona l i gneous a c t i v i ty i n  the  T r l n
I ndad-Ra ton bas i n ,  the coa l s  have be�n upg raded to b i tum
i nous ran k ,  averag i ng about 1 3 , 000 Btu/ l b . Nor t h  of  
a I i ne j us t  south  of Span i s h Pea ks , the  coa l i s  of 
s team qua l i ty ;  sout h  of th i s  l i ne ,  the coa l is h i gh
qua l i ty meta l l u rg i ca l -g rade cok i ng coa l . The 1 5  sep
a ra t e l y  named m i n i ng d i s t r i cts  a re out l i ned on F i gu re I .  
There a re on l y  2 l a rge act i ve m i nes i n  the bas i n ,  the 
Ka i se r  S tee l York Canyon M i ne i n  New Mex i co ,  and the 
C F& I  A l l en M i ne i n  Co l o rado . A sma l l s t r i p  m i ne wa s 
opened ·i n I a te 1 975 north of Tr i n i dad ,  nea r the town 
of Agu i l a r .  Du r i ng 1 975 , the York Canyon m i ne p roduced 
app rox i ma te l y  I m i l l i on tons of  coa l , and the A l l en 
p rod uced 632 , 000 tons . , The new CF& I  Maxwe l l  m i ne I s  p resent l y  under 
�eve l opmen t  about  3 m i  eas t  of the o l der  A l l en m i ne 
a nd i s  sched u l ed to reach  a p roduc t i on l eve l of abou t 
2 , 000 tons/day i n  the s p r i ng of 1 978 . The new m i ne 
w i l l  cos t abou t 1 0  m i l l  ion  do l l a r s ,  depend i ng upon 
the opera t i ng l eve l . 

QUAL I TY OF THE COAL 

The coa l s  of the Tr i n i dad-Ra ton ba s i n  a re 
s im i l a r  i n  qua l i ty to eas tern  coa l s ,  be i ng h i gh 
vo l a t i l e ,  b i tum i nous C t h rough A i n  r a n k  (Ta b l e  I ) .  

Genera l l y ,  the Btu  va l ues of the coa l i n  the 
bas i n  i ncrease f rom north to sou th ( F i g .  2 ) . A l l 
va l ues g reater than 1 3 , 000 B tu/ l b  a re u nder l i ned on 
F i gure 2 .  A l though these coa l bed s a re not as th i ck 
as those of the Powd e r  R i ve r  bas i n ,  Wyomi ng ,  the i r  
B tu  content  i s  about  40 percen t h i gher  than Powder 
R i ve r  bas i n  coa l . 

The ash  content of the coa l ra nges f rom about 

TA15LE I 

REPRESENTAT I VE ANALYSES OF SELECTED COALS 

FROM TH E TR I N I DAD- RATON BAS I N  

M i ne or Vo l a t i l e  F i xed 
Loca t i on Coa l Bed Forma t i on Mo i s t u re Ma tte r Ca rbon Ash Su l fu r  Btu  

1 .  A l amo Raton Vermej o 7 . 5  3 7 . 4  46 . 6  8 . 5  0 . 6  1 1 , 7 1 0  
2 .  Al len A l l en Ra ton 4 . 3  38 . 3  49 . 2  8 . 2  0 . 5  1 3 ,  1 00 
3 .  Ancho Canyon Ancho Canyon Ra ton 36 . 3  54 . 0  8 . 6  0 . 5  1 3 , 835  ( I 
4. Boncarbo Boncarbo Raton 2 . 9  32 . 1  49 . 0  1 6 . 0 0 . 6  1 2 , 2 1 0  
5 .  Br i l l i an t  T i n  Pan Ra ton 3 7 . 0  46 . 5  1 6 . 5  0 . 6  1 2 , 470'" 
6 .  Ch i mney D i v i de C h i mney D i v i de Ra ton 38 . 4  47 . 6  1 3 . 4  0 . 5  1 3  , 98 0 (  I 
7 .  Cokeda l e  Cokeda l e  Ve rmejo 2 . 3  25 . 8  54 . 6  1 7 . 3  0 . 5  1 2 , 340 
8 .  Dawson No . 3 Raton Ve rmejo 38 . 2  49 . 3  1 2 . 5  0 . 8  1 3 , 230'\ 
9 .  Freder i ck F rede r i ck Raton 2 . 0  30 . 3  58 . 3  9 . 4  0 . 6  1 3 , 790 

1 0 .  Koeh ler  No . I Ra ton Vermej o 37 . 5  50 . 1  1 2 . 4  0 . 7  1 3 ,  1 00" 
1 1 .  More l y Mor l ey Ve rmej o 1 . 9 3 1 . 9  5 3 .  I 1 3 .  I 0 . 6  1 2 , 990 
1 2 .  Oakda l e  Mannoth Vermejo 7 . 8  38 . 5  44 . 8  8 . 9  0 . 5  1 1 , 540 
1 3 .  P r  imero P r i me ro Ra ton 2 . 3  29 . 8  58 . 7  9 . 2  0 . 5  1 3 , 780 
1 4 .  Red Rob i n  Turner Ra ton 2 . 3  36 . 1  4 7 . 0  1 4 . 6  0 . 6  1 2 , 530  1 5 .  Rob i nson No . Wa l sen Ve rmej o 3 . 9  3 7 . 6  47 . 7  1 0 . 8  0 . 6  1 2 , 340 
6 .  Sopr i s P i edmon t Ve rmej o 2 .  I 28 . 3  5 1 . 9  1 7 . 7  0 . 7  1 2 , 360 7. Van Houten Ra ton Vermej o 3 7 .  I 5 1 . 6  1 1 . 3 0 . 9  1 3 , 220* 8 .  Yankee No . 3 Yankee Raton 38 . 7  48 . 7  1 2 . 6  0 . 6  1 2 , 700" 9 .  York Canyon York Canyon Ra ton 3 5 . 7 57 . 2  7 .  I 0 . 4  1 5 , 1 50" :0 . De l agua No . 2 De l agua Raton 2 . 9  36 . 3  53 . 0  7 . 8  0 . 5  1 3 , 240 

*Dry bas i s  
( I  - Bu l k  core samp l e ,  was hed 
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7 to 1 8  percent ( F i g .  3 ) . Two a reas on F i gure 3 show 
where the conten t i s  g rea ter  than 1 0  percen t .  Fo r 
the rema i nd e r  of the a rea , the coa l s  conta i n  l es s  than 
1 0  percen t ash , wh i ch i s  qu i te l ow compa red w i th mos t 
wes te rn coa l s .  

The coa l s  of the T r i n i dad-Ra ton bas i n  have l ow 
s u l fu r  content ,  averag i ng between 0 . 5  and  0 . 7  percent 
( F i g .  4 ) . Loca l m i nes nea r the towns of Raton and 
Wa l senburg have repor ted coa l s  w i t h  up  to 1 percent 
s u l fu r ,  mos t l y  i n  the form of py r i tes . 

Mos t  of t he coa l i s  h i gh-vo l at i l e ,  rang i ng f rom 
about 33 to 39 pe rcen t ( F i g .  5 ) . One a rea of med i um
vo l a t i l e coa l l i es  j us t  wes t  of T r i n i dad , whe re the 
vo l at i l e con tent  d rops to a s  l ow as  28 percen t .  

Genera l l y ,  T r i n i dad-Ra ton bas i n  coa l s  have h i gh 
f i xed-ca rbon  con ten t ( F i g .  6) . A l l of the va l ues 50 
percent of  bet ter  are under l i ned on F i gu re 5. As i n  
the case of the B t u  va l ues , the f i xed-ca rbon va l ues 
a l so I nc rease f rom north to sou th . 

I n  a numbe r of p l aces w i t h i n  the T r i n i dad-Ra ton 
bas i n ,  the coa l has been des t royed or a l tered to 
n a t u ra l coke by i g neous i n trus i ons ( F i g .  7) . The Span i sh 
Peaks represent a maj o r  Tert i ary-age s tock . The l acco
l i t hs a t  Mo re l ey a n d  Vermej o Pa rk  have i n t ruded i n t o  
sed i men ts be l ow t h e  coa l mea s u res . I n  numerous i n
s ta nces , s i l l s l oca l l y  have i n t r uded i n to coa l beds . 
Th i s  i g neous a c t i v i ty has upg raded the coa l i n  t he a rea 
to b i tum i nous rank.  

LOCAT I NG TH E LARGEST UNDEVELOPED POTENT I AL COAL RES ERVES 

We know tha t the q u a l i ty of the coa l i s  h i gh ,  
a n d  that  the T r i n i dad-Ra ton bas i n  ha s been , and s t i l l  
I s  i n  1 976 , a s i gn i f i ca n t  coa l -p roduc i ng a rea . The 
next s te p ,  then , i s  to d e l i neate the l a rges t a reas of 
poten t i a l  coa l deve l opment  where core d r i l l i ng and  other 
exp l ora t i on expenses m i ght be j u s t i f i ed .  

The f i rs t  s tep i s  to i nventory a l l ava i l a b l e  geo
l og i ca l d a ta and  to s ta r t  comp i l i ng a set  of maps a t  
a n  acceptab l e  sca l e .  I n  the ca se o f  the Tr i n i dad-
Raton bas i n ,  t he s ca l e  of 1 i n .  = 8 , 000 f t  was chosen 
because the en t i re bas i n  conven i en t l y  f i ts on one ma p .  

W e  have exam i ned a n d  cor re l a ted cons i derab l e  
d a ta a nd have i d en t i f i ed 9 sepa rate coa l  zones i n  th i s  
bas i n .  An i nventory map of each coa l zone was p repa red . 
F i g u re 8 shows a por t i on of the Raton Coa l Zone I nventory 
Map . A l l of the d a ta , w i th the except i on of the coa l 
bed i sopachs a nd th i cknes s of overbu rden (both  of wh i ch 
a re o u r  I nterpre ta t i on) , were comp i l ed f rom such sources 
as  the U . S .  Geo l og i ca l  S u rvey , U . S .  Bu reau of M i nes , 
s tate  geo l og i ca l  s u rveys , t rade pub l i ca t i ons , profess i ona l 
a ssoc i a t i on j ou rna l s ,  and ava i l ab l e  l ogs f rom o i l and 
gas  tes t s , wa ter  we l l s ,  a nd core ho l es .  

-- - -Our  expe r i ence i nd i ca tes tha t  i n  exp l o r i ng for 
b i tum i nous coa l ,_ 4 ft i s  the m i n i mum t h i ckness l i ke l y  
t o  s uppo r t  econom i c  deve l opment. These areas a re i n
d i ca ted on F i gure  8 .  I t  i s  a l so des i rab l e  to know the 
approx i mate th i ckness  of overbu rden and whe re the coa l 
has been des t royed o r  a l tered to na t u ra l  coke by i gneous 
i nt rus i ons . I t  I s  the s i l l s tha t des t roy the coa l , not 
the we l l - known d i kes  that rad i a te f rom the Span i sh 
Peaks wh i ch ,  I n  fac t , cause very l i t t l e  a l tera t i on . 

From th i s  ser i es of i nven tory maps , one for each 
coa l zone , i t  1 s  easy to es t i ma te the coa l resources 
i n  each townsh i p  fo r beds g reater than 4 ft th i ck ,  and to 
s e l ec t  prospect a reas for fu rther eva l uat i on .  

F i gu re 9 i s  a d i ag ram s how i ng t he i nd i v i d ua l  

. . f th '1 r coa 1 resou rces by town sh i ps and ou r est i ma tes  0 e 
i nd i v i du a l  coa l zone . Where the comb i ned resou rce� 
exceed 1 00 m i l l i on tons they are  underscored . Th i s 
p rov i des a conven i ent w�y to de�e rm i ne a reas of su�stan' 

t i a l  coa l resou rces . However , I t  s hou l d  be recogn l z� 
that s uch es t i ma tes  are  I i m i ted by the ava i l ab l e  da ta. 

STATUS OF M I NERAL OWNERSH I P  

I t  i s  now neces s a ry to a nswe r the ques t i on about 
m i nera l ownersh i p  a nd the p resent  s ta tus  of l and use. 
The i n forma t i on on F i gure  1 0  was comp i l ed at the sa� 
map sca l e  a s  the i nventory maps ; so d i rect compari son 
i s  pos s i b l e  by ove r l ay i ng one map on the othe r .  The 
mi nera l ownersh i p  map s hows the same a rea as the Raton 
Coa l Zone I nventory Map ( F i g .  8 ) . The va r i ous st ippled 
a nd c ross-ha tched a reas i dent i fy Federa l l ands , Sta� 
l ands , and  maj or fee I a nd owners , such as CF& I Steel . 
The wh i te a reas i nd i cate  sma l l er pa rce l s  of fee l ands . 
The m i nera l ownersh i p  map shou l d  a l so i nc l ude any 
Nat i ona l pa rks , I nd i an l and s , m i l i ta ry reserva t ions, 
other a reas of l ands w i thd rawn f rom occupancy , and ,  
of cou rs e ,  the ou t l  i ne of any p roduc i ng o i  I or gas f i e l d  
that may i nterfe re w i t h  future m i n i ng act i v i ty .  A 
q u i ck exam i na t i on of th i s  i nforma t i on te l l s  us that 
cons i derab l e  fee a creage ex i s t s  i n  the bas i n . However, 
m i nera l ownersh i p  i s  not the on l y  l and cons i derat ion 
that  must  be made .  

Wha t about the p resent s ta tus  of l a nd use? 
F rom the l and-status  map ( F i g .  1 1 ) ,  we now d i scover 
two p rob l ems , i l l us t ra ted, by the l a rge t ract of l and 
p l ot ted for subd i v i s i on deve l opment ,  and  the tract 
c l a s s i f i ed as rec rea t i ona l l and . La rge a reas of wood
l ands and range l an d  a l so ex i s t  I n  the bas i n .  

AVA I LAB I L I TY O F  WATER FOR DOMEST I C  AND I NDUSTR IAL USE 

Wa ter  i s  u s ua l l y a p rob l em i n  the West because 
the re a re bas i ca l l y  two k i nd s  of wa ter . One i s  sal i ne ,  
the other i s  f res h ,  and i n  e i ther case there are p robl ell. 
W i th sa l i ne wate r ,  one may have d i s posa l prob l ems . W i t� 
f resh wa te r ,  enough i s  needed for p l an t  use and local 
commun i t i es ,  a nd enough mus t  be ava i l ab l e  for futu� 
g rowth of these commun i t  i es . P resent average consumptlOO 
i n  T r i n i dad i s  about  6 m i l l i on ga l /day , and 2 mi l l ion gal� 
day i n  Wa l senburg . I ndus t r i a l  and  m i ne-waste waters musl 
be p roper l y  hand l ed i n  o rd e r  to avo i d  contam i nat i on not 
on l y  of s u rface wa ters  but  a l  so of  u nderg round waters. 
I n  the Tr i n i dad-Ra ton bas i n ,  su r face wa ter genera l ly i s  
in short supp l y .  Underg round water  resou rces have not 
been fu l l y eva l ua ted . Transmounta i n  water d i vers ion 
i n to th i s  a rea i s  not pos s i b l e  because  the R i o  Grande 
R i ve r  d ra i nage west of the Sangre de C r i s to Mounta iM  
a l ready i s  i n  short  supp l y  a t  the  S t a te I i ne for down' 
s t ream users I n  New Mex i co ,  Texa s ,  a nd Mex i co .  Water 
ava i �ab i l i ty w i l l  be a p rob l em for any on-s i te coa l 
conver s i on fac i l i ty I n  the Tr i n i dad-Ra ton bas i n .  

MARKETS AND SH I PP I NG 

What about  potent i a l  ma rkets a nd sh i pp i ng? A 
cons i derab l e  amoun t of coa l i n  th i s  a rea was previous ly 
used as s team coa l for the ra i l road s  a nd for l oca l 
7onsumpt i o� ; however , the two p r i nc i pa l  a ct i ve m i nes 
I n  the baS i n  p roduce h i gh-qua l i ty meta l l urg l ca l -g�� 
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cok i ng coa l . Both of these a re capt i ve m i nes . A l l of 
the p roduct i on f rom the A l l en M i ne i s  t ranspor ted 1 2 1 
m i  by ra i l  to the C F& I  s tee l m i l l  a t  Pueb l o ,  Co l orado ; 
and a l l of the p roduct i on f rom the York Canyon M i ne i s  
s h i pped 1 069 m i  by ra i 1 to the Ka i se r  S teel m i  1 1  a t  
Fon tana , Ca l i fo rn i a .  Un i t  t ra i n  operat i ons seem t o  be 
the mos t eff i c i en t  way to t ransport  coa l out of the 
T r i n i dad- Raton ba s i n .  

The coa l i n  th i s  a rea i s  l ower i n  s u l fur  con tent 
and s l i gh t l y  h i ghe r  i n  a s h  content than the eas tern U . S .  
coa l s .  Pos s i b l y ,  w i th on l y  m i nor mod i f i ca t i on s  to 
ex i s t I ng eas tern  power p l ants , T r i n i dad- Raton ba s i n  s team 
coa l s  cou l d  be u t i l i zed i n  M i d-Con t i nent and sou th-cent ra l  
U . S .  ma rkets .  The ra i l  d i s tance f rom the York Ca nyon 
m i ne to Fontana , Ca l i forn i a  i s  about the same as f rom 
T r i n i dad to C h i cago or to New O r l eans . Th i s  ra i ses 
the pos s i b i l i ty of u s i ng New O r l eans  as an export  
term i na l  for s h i pments  of h i gh-grade meta l l urg i ca l  coa l 
to fore i gn ma rkets , espec i a l l y to South Ame r i ca ,  where 
meta l l u rg i ca l  coa l i s  i n  s hort  supp l y . 

A coa l - s l urry  p i pe l i ne f rom Wa l senburg to the 
Gu l f  Coa s t  has been p roposed by Hous ton Natu ra l  Gas 
Company . Because abou t I m i l l i on ga l /day of water  i s  
req u i red to move 3 , 500 to 4 , 000 tons of coa l a day 
th rough a s l u rry p i pe l  i ne ,  and because of the apparent 
wa ter  p rob l em ,  we be l i eve that un i t- t ra i n  s h i pment of 
coa l f rom the Ra ton bas i n  is more l i ke l y  to occu r f i r s t .  

DEVELOPMENT O F  M I N E-MOUTH E�ERGY COMPLEX vs 
EXPORT I NG COAL OUT OF BAS I N  

I n  cons i der i ng th i s  a s pec t , we a s k  why i s  the 
Comanche s team-e l ec t r i c  powe r genera t i ng p l a n t  of t he 
P u b l i c  Serv i ce Company of Col orad o ,  l oca ted i n  Pueb l o ,  
bu rn i ng a bout  3 m i l l i on tons p e r  year of Wyom i ng coa l , 
be i ng s h i pped, by un i t  t ra i ns 600 m i l es f rom the Amax 
Be l l e  Ayre M i ne at G i l l ette?  The answer i s  pure l y  eco
nom i c .  P u b l i c  Serv i ce Company worked out a favora b l e  
l ong-term con tract w i t h  Amax Coa l Company and negot i ated 
a u n i t  t ra i n  a rrangement w i th  B u r l  i ng ton Northern Ra i l 
road . I n  add i t i on ,  P u b l i c  Serv i ce Company  a l so owns the 
un i t  t ra i n  coa l ca r s .  The l a rge reserves at Be l l e  Ayre 
were read i l y ava i l a b l e ,  re l a t i ve l y  l ow  p r i ced a t  the 
t i me , and  suff i c i en t l y  l a rge to gua rantee a n  u n i n terrup
t ed l ong-term fue l supp l y .  Neve rthe l es s , i t  does seem 
f ea s i b l e  that one or more sma l l er steam-e l ec t r i c  gene
rat i ng p l an t s  u s i ng l oca l coa l cou l d  be s i ted i n  t he 
a rea a t  t he t ime tha t  e l ec t r i c  demand requ i res i t ;  how
ever , i t  appears  u n l i ke l y  t hat  th i s  w i l l  happen i n  the 
nea r  term .  

We have l ooked i nto the poss i b i l i ty of m i ne-mouth 
gas i f i ca t i on p l an t s  for t he T r i n i dad-Raton bas i n ,  bu t 
t h i s  form of convers i on does not s eem feas i b l e  a t  th i s  
t Ime. A ga s i f i ca t i on p l ant  w i th a capac i ty of 2 50 m i l -
l i on cu ft/day of p i pe l i ne-qua I i t,y (900 p I u s  Btu/MCF)  gas 
wou l d  requ i re about 20, 000 tons/day of coa l f rom the T r i n
i d ad-Ra ton bas i n  on a susta i ned bas i s .  At th i s  rate of 
consumpt i on ,  the p l ant  wou l d  requ i re p roduct i on f rom two 
o r  more l a rge (proba b l y  u nderg round ) m i nes p roduc i ng s i 
mu l taneou s l y ,  or f rom one l a rge underg round m i ne produc
i ng s i mu l taneou s l y  f rom at  l east  two sepa rate coa l beds 
because  of the re l a t i ve th i nness of t he seams i n  the ba
s i n .  I n  e i ther cas e ,  p roduct i on costs wou l d  be h i g h .  For 
compa r i son,  the l a rgest  underground coa l m i ne  i n  the Un I 
ted S ta te s  produced an aver�e o f  1 1 , 300 tons/day i n  1 975. 

On the other hand , because of the h i gh Btu  va l ues 
of the Ra ton bas i n  coa l , the a rea does seem to be a 

cand i da te for i n- s i tu I i qu i f i ca t i on or gas i f i ca t i on onCe 
these expe r i menta l tech n i ques have been fu l l y tes ted and 
deve l oped . The econom i cs of th i s type of coa I convers ion 
appea r to be favora b l e .  A l so,  t�e U . S .  Bur7au 0: M i nes 

cons i de rs the T r i n i dad- Raton baS i n  a poten t i a l S i te for 

degas i f i ca t i on of coa l beds ahead of m i � i ng .  The 

Bureau of M i nes and the Co l o rado Geo l og i ca l  Su rvey are 
cu r ren t l y i nves t i ga t i ng the pos s i b i l i ty of d r i l l � ng test 
we l l s  i n  the a rea for the pu rpose of methane d ra i nage 
expe r i ments . 

TH E COSTS O F  DEVELOP I NG A COAL M I NE I N  THE 
T R I N I DAD- RATON BAS I N  

The U . S .  Bu reau of M i nes has made some ex
cel l ent and deta i l ed s tud i es on the bas i c  es t i mated 
cap i ta l  i nves tment a nd opera t i ng cos ts  req u i red for 
both underg round and s t r i p  m i nes , cover i ng mi nes of 
hypothet i ca l  s i zes i n  d i fferent parts  of the Un i ted 
State s . Our l a test  i nforma t i on ,  f rom d i scuss ions 
he l d  w i th Bu reau of M i nes experts , i s  that a one 
m i l l i on-ton/y r s t r i p  m i ne at today ' s  cos ts wou ld 
p roba b l y  req u i re a cap i ta l  i nvestment of approx i 
ma te l y  $ 1 5  m i l l i on ;  the same s i ze underg round m i ne 
wou l d  requ i re an i nvestment of about $24 m i l l ion .  
I n  add i t i on to the cap i ta l  i nves tment cos t ,  i t  a l so 
wou l d  be adv i sa b l e to es t i mate and p roj ect operat i ng 
cos ts/ton aga i ns t  the proba b l e  futu re demand and 
es t i ma ted s a l es p r i ce/ton . Th i s ,  of cou rse , i s  
on l y  a n  exerc i se i n  s pecu l at i on . However ,  a compe
tent eng i nee r i ng depa rtmen t  i n  co l l abora t i on wi th 
an econom i s t  s hou l d  be a b l e  to a r r i ve a t  workab le 
numbers . 

TH E OCCURRENCE O F  OTHER  ENERGY M I NERALS I N  THE BAS I N  

A l though about 1 60 o i l and gas tests have 
been d r i l l ed i n  the T r i n i dad - Ra ton bas i n ,  no major 
econom i c  d i scove r i es have been made to date.  How
eve r ,  the petro l eum poten t i a l  of the reg i on appears 
to be favorab l e .  W i th s u ff i c i en t  d r i l l i ng ,  i t  i s  
proba b l e  that comme rc i a l  d i scover i es w i l l  b e  made-
of gas , mo re l i ke l y  than o i l .  

M i no r  u ra n i um occu r rences have been reported 
a l ong the wes tern ma rg i n  of the bas i n ,  but no commer
c i a l  p roduct ion  of u ra n i um has been a t ta i ned . 

O i l s ha l e  does not occur i n  the bas i n ,  and 
the a rea i s  not cons i dered to be a potent i a l  s i te 
for geotherma l power .  

ENV I RONMENTAL AND ECOLOG I CAL CONS I DERAT I ONS 

Pas t  and present coa l m i n i ng i n  the a rea 
has had a m i n i mum adverse i mpact on the env i ronment 
and eco l ogy . S t ream a nd/or a i r  po l l u t i on f rom pre
sent coa l m i n i ng ope ra t i ons do not occu r ,  and , w i th 
reasonab l e  safegua rds , s hou l d  not occ u r  a s  a resu l t  
of futu re opera t i ons . � n t�e T r i n i dad-Ra ton bas i n ,  the res torat ion 
of a s t r i p  m i ne wou l d  i nvo l ve l es s  work and be l ess 
cos t l y  than restora t i on of s t r i p  m i nes i n  the northern 
Rocky Mounta i n  s ta tes . Among the favor ab l e  factors 
i n  the T r i n i dad-Ra ton bas i n  a re the th i nness of coa l 
beds ( 4  to 8 f t ) , the re l a t i ve l y  h i gh ra i nfa l l  com
pa red to desert  and p l a i ns a reas . and the h i gh per-
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centage of range l and and wood l and . The h i gh ra i nfa l l 
factor wou l d  prov i de more than adequate mo i s t u re for 
revegeta t i on p ract i ces , and the range l a nd and wood
l and in th i s  a rea wou l d  be re l a t i ve l y  ea sy to resto re . 

Res tora t i on procedu res now u t i l i zed at the 
was te coa l dumps at  Ka i se r  Steel Corpora t i on ' s  York 
Canyon m i ne a re exce l l en t  a nd cou l d  be used as a 
�ode l for the res tora t i on of any future s t r i p  m i nes 
I n  the a rea . I n  the case of underground m i nes 
l i tt l e  res tora t i on wou l d  be neces s a ry . 

' 

There i s  abundant  w i l d l i fe i n  the a rea , con
c:n t rated ma i n l y  i n  the u pper range l and , wood l a nd ,  a nd 
h i gher e l eva t i ons wes t of Wa l senbu rg and T r i n i dad , 
Co l o rado , and  Raton and north of C i ma r ron , i n  New 
Mex i co .  The ma i n  spec i es i n  the bas i n  a re mu l e  deer , 
e l k ,  tu rkey , bea r ,  band ta i l  p i geon , mounta i n  l i ons , 
bobca ts , and coyotes . Ante l ope a re common on the 
p l a i ns to the eas t .  Ra re and endangered s pec i es 
reported i n  the a rea a re b l ack-footed ferrets , 
pereg r i ne fa l cons , p ra i r i e fa l cons , the southern 
ba l d  eag l e ,  and p roba b l y  the Rocky Mounta i n  wo l f .  

CONCLUS I ONS 

We hope that our  i nforma t i on a nd i l l us t ra t i ons 
have demons t ra ted the usefu l ness of the basin 
evaluation concept , wh i ch we recommend a s  a s i mp l e  
f i rs t- s tep approach to exp l o ra t i on of a ny coa l reg ion , 

I n  the case of the Tr i n i dad-Ra ton bas� n ,  our 
conc l us i ons a re as  fo l l ows : 

1 .  The bas i n  conta i n s  h i gh-qua l i ty b i tumi nous 

coa l most l y  of meta l l urg i ca l  g rade , and 

i t  a�pears that the und i s cov:red . coa l re

sources are  l arge enough to J us t i fy 

spend i ng exp l orat i on do l l a rs . . 
2 .  Shou l d  suff i c i ent reserves be establ i shed 

i n  the exp l orat i on pha s e ,  t he econom i cs 

appea r favorab l e  for open i ng an under

g round m i ne i n  the 1 m i l l ion  ton/yr 

ca tegory . 
3 .  The underg round water  resou rces need to 

be exam i ned i n  g reater deta i l  i f  on- s i te 
use of the coa l i s  ant i c i pa ted .  

4 .  The ac reage status  a ppear s  to be favor
a b l e  i na smuch a s  there ex i s ts a h igh per
centage of fee and S tate  l ands rel a t i ve to 
Fede ra l l ands .  

5 .  A m i ne-mout h  coa l g a s i f i ca t i on p l ant does 
not seem to be fea s i b l e  i n  the foreseeable 
future;  however , i n-s i tu gas i f i ca t i on or 
l i quefac t i on m ig ht be pos s i b l e  when the 

-- - --t-ec1zno l ogy i s  ava i l ab!e4__ 
- \ 6 .  Ma rkets i n  t he M i dwes t  and the south- I cent ra l U . S .  are  pos s i b l e .  Export to , 

_ _ _ South  Ame r i ca v i a  New Or l eans might �! 
-pos s i b l e .  _ _ _ _ ______ - -

7 . F i na l l y ,  a we l l -des i gned m i ne opera t i on 
s hou l d  have l i tt l e  adverse effect on 
the env i ronment .  
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ABSTRACT: The coa l beds of the San J uan bas i n  of New Mex i co and Col orado were depos i ted In the SC I -SWO (sea 
came i n  -- sea wen t  out zones ; Fasset t ,  1 974) at the wes t ma rg i n  of the ep i cont i nent a l  seaway that b i sected North 
Amer i ca dur i ng Late C retaceous t i me .  Coa l depos i t i on was c l os e l y  rel ated t o  reg ress i ons  and t ransg ress i ons  o f  t he 
shore l i ne ;  thus , coa l  beds occur  c l ose  to l i t tora l sand s tone bed s  l a i d  down nea r the marg i n  of the C retaceous sea . 
The t h i ckness and l ater a l  con t i nu i ty of these coa l beds a pparen t l y  a re a funct i on of a comb i nat i on of even ts 
occurr i ng not on l y  at  the s i te of coa l depos i t i on ,  but a l so ,  in  some i ns tances , ha l f-a-wo r l d  away . I f  some of  
these events can  be  I so l a ted and s tud i ed ,  then perhaps the or i g i n  of  th i ck or w i despread coa l beds can  be  more 
eas i l y  unders tood . The coa l -bea r i ng rocks o f  t he Fru i t l and Format i on are used as a mode l for exam i nat i on of some 
of the facets of coa l forma t i on .  

I NTRODUCTI ON 

The San J uan bas i n  I s  i n  northwestern New Mex i 
co and southwes tern Col orado, nea r the common corner 
of Co l orado , Utah , A r i zona , and New Mex i co i n  what  i s  
known as the Four Corne rs a rea ; i t  2n c l oses a n  a rea of 
about 7, 500 square m i l es ( 1 9 , 400 km ) and I s  a bout 1 00 
m i l es ( 1 61 km) l ong (north-south ) and 90 m i l es ( 1 45 
km) w i de (eas t-west ) . The Navaj o ,  Ute , and Apache 
I nd i an Reserva t i ons occupy parts  of the bas i n . The 
bas i n  conta i ns a ser i es of coa l -bea r i ng Upper C reta
ceous strata wh i ch a re assoc i ated w i th e i ther reg res
s i ve or transgress i ve shore l i ne depos i ts .  These coa l 
bea r I ng un i t s  are ,  from o l dest  to youngest ,  the Lower 
( 1 )  and Upper C retaceous Dakota Sands tone and the 
Upper C retaceous D i l co and G i bson Members of the C re
vasse Canyon Forma t i on ,  the upper and l ower parts  of 
the Menefee Forma t i on ,  and the Fru i t l and Format i on .  

- Th i s  paper des c r i bes the s t rat i g ra phy and env i ronment 
of depos i t i on of the Fru i t l and Forma t i on coa l d epos i ts .  
Most of the ma ter i a l  I n  th i s  report was prev i ous l y  
presented by Fassett and H i nd s  ( 1 97 1 ) .  

STRAT I GRAPHY 

Fru i t l and Forma t i on and K i rt l and Sha l e  

The outcrop pat tern o f  the Fr u i t l and Forma t i on 
and Ki r t l and Sha l e  ( F i g .  2 )  def i nes the San Juan 
bas i n  as used i n  th i s  pape r .  The outcrop enc i rc l es 
the bas i n  except for the two areas on the eas t  s i de 
where i t  I s  m i s s i n g .  The mos t  s i gn i f i cant geogra-
ph i c  features shown on the map a re the San J uan , 
An imas,  and La P l ata R i vers , wh i ch come together at 
Farm i nq ton . The K i rt l an d - F ru i t l and rocks d i p  toward 
the cen ter of bas i n--about 10 - 2° a l ong the wes t  and 
south s i des and as  s teep l y  as  450 on the ea st and north 
s i des . 

The coa l depos i ts d i scussed i n  th i s  report a re 
ma i n l y  i n  the l ower pa rt of the F ru i t l and Forma t i on .  

1976 Symposiwn on the Geology 
of Rooky Mountain CoaZ, p. 61- 71 61 
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F i g .  1 .  I ndex map show i ng the l ocat i on of the San 
J uan bas i n .  The bas i n  i s  r i mmed by outcropp i ng 
Fru i t l and Forma t i on and K i r t l and Sha l e . 
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F i g .  2 .  Map show i ng d i s t r i but i on of t h e  und i v i ded F ru i t l and Forma t i on and K i rt l and Sha l e  i n  the San J uan bas i n .  
The outc ropp i ng rocks s hown bound i ng t h e  bas i n  are  t he Fru i t l and Forma t i on a n d  t he K i rt l and S ha l e ,  und i v i ded (Kkf) . 

The re l a t i on of t he F r u i t l and to over l y i ng and under
l y i ng rock un i ts and t he i r ages a re shown on F i gure  3 .  
The mar i n e  Lew i s  S ha l e  con t a i ns t he Huerfan i to Ben ton
I te  Bed , wh i ch represents  a vol can ic  ashfa l l i n to the  
Lew i s  sea and i s  used  as  a da t um for some of the cross 
s ec t i ons  i n  th i s  repo r t .  the P i ctu red C l i ffs Sands tone 
represen t s , for the mos t  par t ,  a reg res s i ve beach and 
l i t to r a l  d epos i t  tha t ma rks the f i na l  regres s i on of 
the sea f rom the San Juan bas i n  a rea ; the Fru i t l and 
Forma t i on comp r i ses pa l ud a l  and f l uv i a l  depos i ts ;  the 
K i r t l and S ha l e  i s  depos i t l ona l l y  s i m i l a r  to the F r u i t
l and Forma t i on b u t  con ta i ns no coa l ; and the O j o  A l amo 
Sands tone represent s  f l uv i a l  depos i t s and uncon form
a b l y  over l i e s  p rog ress i ve l y  o l de r  rocks f rom wes t  to 
eas t a c ross  the  bas i n .  

STRUCTURE 

The bas i n  i s  c l ea r l y  asymme t r i c  ( F i g .  4) ; the 
rocks on the  eas t  s i de  d i p  s teep l y  wes t , whereas 
those on t h e  wes t  s i de  d i p  gen t l y  to t h e  eas t. 

COAL DEPOS I T I ON 

The F ru i t l and Forma t i on coa l resources i n  the 
San  J uan bas i n  a r e  c l ose l y  re l a ted to t h e  P i ctured 
C l i ffs Sands ton e ;  thus , a recon s t ruct i on of the geo· 
l og i c  h i s tory of the  P i c t ured C l i ffs  i s  he l pfu l i n  
determ i n i ng t he env i ronmen t  of depos i t i on of the 
F r u i t l and coa l s .  F i g u re 5 s hows t h e  pos i t i on of the 
San  Juan bas i n  a r ea re l at i ve to t h e  epe i r i c  sea wh i ch 
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F i g . 3 .  S t ra t i g raph i c  co l umn s how i ng the age and en
v i ronments of depos i t i on of the F ru i t l and Forma t i on 
and assoc i a ted rocks . 
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�. F i g . 4.  S t ructura l  c ross  sect i on a c ros s the San J uan  bas i n .  On t h i s  cross sec t i on rocks occupy i ng t he i nterva l  � from the top of the P i c t ured C l i ffs  Sands tone to the s urface have not been subd i v i ded . The t h i ckn es s  of the rocks 
" from the Huerfa n i to Benton i te Bed to the s u rface i n  the s t ructura l l y deepest pa r t  of  the bas i n  i s  about 4 , 500 f t  

01 ( 1 , 370 m) . 
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pos i t i on of  the San J uan bas i n  ( f rom G i l l  and  Cobban , 1 966 , F i g .  1 5) . 

en 
"'" 

c.... 
tr::I 

";f 
� Cll tr::I 0-3 0-3 



s w  

s w  

. �  S W  

C O A L 

COALS OF SAN JUAN BAS I N  

A 

c 

o 

65 

N E  
S E A  L E V E L 

N E  

N E  
S E A L E V E L  

N E  
L E V E L 

D 
C O N  T I  N E NTAL M A R l  N E  L I T T O R A L  

A N D  
B E A C H S A N D  

' i g . 6. D i ag ramma t i c  cross sect i ons s how i ng t he re l at i ons  of the con t i nenta l , beach , and ma r i ne depos i ts of 
i ctured C l i ffs  t i me after (A)  s ho r e l  i ne reg ress i on ,  (6)  shore l i ne s tab i l i ty ,  (C)  shore l i ne t ransg res s i on ,  and 
D) shore l i ne regres s i on .  
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F i g .  7 .  P a l eogeog raph i c  sketch map of part  of the 
San J uan  bas i n  a rea  du r i ng depos i t i on of the P i ctured 
C l i ffs  Sands tone and the Fru i t l and Forma t i on and 
K i rt l and Sha l e .  The s ca l e  norma l to the shore l i ne 
i s  obv i ous l y  g reat l y  compres sed . Hachured areas 
represen t coa l swamps . 

b i sected t he North Amer i ca cont i nent du r i ng Late 
C retaceous t ime ( G i l l  and Cobban , 1 966) . Because the 
bas i n  was on the wes tern ma rg i n  of the sea i n  the 
S C I -SWO zon e ,  i t  rece i ved a l ternate l y  mar i ne a nd non
mar i ne s ed i ments  as the shore l i ne ret reated and 
adva nced . 

The four c ross sect i on s  i n  F i gure 6 represent 
progres s i ve l y  younger t i mes  I n  the h i s tory of the 
bas i n  a re a .  Overa l l ,  the P i ctured C l i ffs I s  a re
g r es s i ve sandstone w i th m i nor transgre s s i ve l ayers . 
The s ea regress ed f rom the bas i n  a rea because of I n
f.i l i i ng by sed i ment s  a l ong the wes tern  marg i n  of a 
con t i n uous l y  subs i d I ng trough . The rate of m i g ra t i on 
of the s hore l i ne was d i rect l y  re l ated to a ba l a nce 
between the rate of subs i dence of the seaway and the 
rate of sed i ment  i n f l ux .  At f i rs t  ( F i g .  6A) , sed i men
tat i on exceeded s ubs i dence ; thus , the shore l i ne s h i fted 
to the northeas t .  I n  th i s  s i tuat i on any back-shore 
coa l swamps that m i ght have deve l oped wou l d  have been 
bu r i ed rather rap i d l y  by con t i nenta l  depos i ts and re
s u l tant  coa l beds wou lA be re l a t i ve l y  th i n .  Then 
( F i g .  6B ) , the rates of sed i ment i nf l ux and sub s i dence 
were about equa l , resu l t i ng i n  a ve rt i ca l  upbu i l d i ng 
of l i t tora l sandstone . The coa s ta l swamps thus wou l d  
have been geograph i ca l l y  s t ab l e ,  a l l ow i ng for a l a rge 
vert i ca l  b u i l dup of vegeta l matter  y i e l d i ng t h i ck coa l 
bed s .  After s ed i ment  i n f l ux was l es s  rap i d  than sea
way subs i den ce ( F i g .  6C ) , the s hore l i ne adva nced over 

prev i ous l y  depos i ted con t i nen t a l  sed i ments . I n  this 
s i tua t i on coasta l swamps wou l d  have been f i l l ed by 
ma r i ne sed i ments  and vegeta l mat t e r  bu i ldup would have 
ceased l i m i t i ng the th i ckness of t he coa l . After 
sed i me�ta t i on had exceeded subs i dence ( F i g .  60) , the 
s hore l i ne reg ressed northeas twa rd and there was re
g ress ion and l i t t l e  or no coa l b u i l dup.  

P a l eogeog raphy of P i ctured C l i ffs  T i me 

A pa l eogeog raph i c  map of pa r t  of the San Juan 
bas i n  a rea ( F i g .  7) , cons t ructed a t  the t i me of cross 
sect i on B ( F i g .  6 ) , shows the env i ronments  of depOSi
t i on wh i ch para l l e l ed the shore l i ne dur i ng P i ctured 
C l i ffs t i me .  The sea I s  to the northea s t ;  the 
coasta l swamp envi ronment l i es  j us t  i n l and from the 
shore l i ne ;  farther i n l and a re f l oodp l a i n  and r iver and 
f l oodp l a i n  env i ronments  of depos i t i on ;  and to the 
southwest  a r i s i ng h i g h l and furn i s hes sed iments that 
a re be i ng ca r r i ed to the s ea . The h i gh l and most cer
ta i n l y  was hundreds of m i  l es f rom the sea .  The lat
e ra l  extent  of coa s ta l swamps i s  I i m i ted by r ivers that 
cut through the swamp env i ronment to the sea . C l early, 
a d e l i ca te ba l ance i s  n eces s a ry for the u l t i mate 
bu i I dup of th i ck coa l beds .  An i nc rease i n  the i nf l ux 
of con t i nen t a l  sed i ment wou l d  f i l l  the coastal  swampsj 
converse l y ,  a decrease wou l d  resu l t  i n  the sea moving 
i n l and , f i  I I  i ng the coa s t a l  swamps w i th mar i ne sed i 
ment s .  

Depos i t i on o f  P i ctured C l i ffs  Sandstone 

A s t ra t i g ra ph i c  cross sect i on (F i g .  8) con
s t ructed across the San J uan  bas i n  f rom southwest to 
northea s t  s hows the s t ra t i g raph i c  r i se �f the 
P i ctured C l i ffs Sandstone across the bas i n  relat ive 
to the Huerfa n i to Benton i te Bed . From the prev ious 
d i scus s i on ,  the th i ckest  coa l beds of the Fru i t la� 
Forma t i on wou l d  be expected southwes t  of the l a rgest 
s t rat i g raph i c  r i ses i n  the pos i t i on of the P i ctured 
C l i ffs Sands tone. 

The i sopach map ( F i g .  9 )  of the i nterval be
tween the Huerfan i to Benton i te Bed and the top of the 
P i ctured C l i ffs r i ses  f rom southwest  to northeast 
across the San J uan  bas i n ;  I t  i s  on l y  200 ft (61� 
above the Huerfan I to Benton I te Bed I n the southwest , 
whereas i t  I s  1 , 200 ft ( 366m) a bove th i s  datum i n  the 
northea s t .  The a rea where the 800- , 900- , and 1 , 000' 
ft  I sopachs a re g rouped together represen t s  the largest 
s t rat i g raph i c  r i se of the P i ctured C l i ff s ;  thus ,  one 
m i ght expect to f i nd the t h i c kest  F ru i t l and  coa l 
beds southwes t of th i s  a rea . A l so ,  these i sopach 
l i nes p resuma b l y c l os e l y  para l l e l o l d  shorel i nes of the 
P i ctu red C I  i ffs sea and thus  s hou l d  furn i sh a c l ue as 
to the or i en ta t i on of th i ck Fru i t l a nd coa l beds , 
wh i ch a l so s hou l d  para l l e l  those shore l i nes . 

FRU I TLAND FORMAT I ON COAL 

Th i ckness  

F i gure 1 0  i s  an i sopach map show i ng tota l th ick' 
ness of coa l depos i ts I n  the F r u i t l and  Forma t i on 
th �oughout the San Juan bas I n .  Subsurface control for 
th i S  map I s  based on geophy s i ca l  l og s  of severa l 
hundred 0 i I and gas we l i s .  The l ogs  used to p i ck the 
coa l s  were mos t l y  e l ec t r i c  l ogs , but whe re ava i labl e ,  
gamma ray-neutron l ogs  and  d r i  I I  i ng - ra te records were , 
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i g .  8 .  S t ra t i g raph i c  cross sect i on across the San Juan bas i n  us i ng the Huerfan i to Ben ton i te Bed , a ma rker bed 
I the Lew i s  Sha l e ,  as a datum ( sect i on con s t ructed f rom subsu rface we l l - l og con t ro l ) .  

,led to confi rm the e l ect r i c- l og coa l p i cks . As th i s  
Ip shows , tot a l  coa l th i cknes s ranges f rom l es s  than 
) ft ( 3  m) to more t ha n  70 f t  (2 1 m) . I n  the a reas 
: thi nne r  coa l ,  on l y  one coa l bed may be present .  
Ie area o f  th i ckest coa l - - 7 0  f t  ( 2 1  m )  - - I n  the 
In Juan bas I n  i s  southwest  of  the l a rgest  s t ra t l 
:aph i c  r i se o f  the P i ctured C l I ffs  Sand s tone , as  
"Iown on  F i gure 9 .  Another a rea of th i ck coa l --
) ft  (9  m) -- I s  presen t I n  the southwe s t  par t  of  the  
J S  I n .  

la l l ty 

An i mportant pa r t  of the Fru I t l and Forma t ion  
la l  study was the col l ect i on of more t ha n  60 coa l 
,mp l es f rom we l l s  be i ng d r i l l ed t h roug hout the San 
'an bas i n .  The method of  co l l ect i ng and process i ng 
, ese coa l samp l es was desc r i bed by H i nd s  ( 1 964) . The 
; a l  samp l es were ana l yzed by the U. S. Bureau of 
'nes and had as- rece i ved heat i n g  va l ues rang i ng f rom 
000 Btu/ l b  to more than 1 3 , 000 B t u/ l b . The as
ce i ved va l ues were not amenab l e  to the const ruct i on 
an i so-Btu map ,  a l though genera l l y the h i ghest 

l ues were c l us tered i n  the northwest part of  the 
s i n .  The mo l sture- and a s h- free Btu  va l ues , however ,  

.lmed a un i form pattern when contoured , rang i ng f rom 
::, 500 Btu/ l b  i n  the southwes t  to 1 5 , 500 Btu/ l b  i n  the 
,rth ( F i g .  1 1 ) . The va l ues may dec r ea s e  from the 
,;,500 Btu l i ne northeas t  towa rd the edge of the 
.'sTft; however , Btu  con t ro l  for th I s  pa r t  of the 
: s i n  is  scarce . The reason for th i s  pattern i s  not ::>wn ; i t  cou l d  resu l t  f rom deep bur i a l  of  the coa l , 

o r  i t  cou l d  be re l ated to c l i ma t I c  changes o r  other 
unknown env i ronment a l  cond I t i on s  ex I s t i ng d u r i ng 
F ru i t l and Forma t i on coa l depos i t i on .  

The F ru i t l and Forma t i on coa l resou rces ( from 
Fassett  and H i nds , 1 97 1 )  a re shown on Tab l e  1 I n  
seve ra l  th l ckness-of-ove rbu rden catego r i es .  The 
t ota l coa l resou rces for the F ru I t l and Forma t i on I n  the 
San  Juan bas i n  a re 201 . 1 36 b i l l I on tons ( 1 82 . 5  b i l l i on 
met r I c  tons ) . Of these 200- p l us  b i l l i on ton s  ( 1 80-
p l us b i l l ion met r i c  ton s )  of  coa l p resent i n  the 
F r u i t l and Forma t I on ,  on l y  about one-ha l f  of  the 1 4 . 6  
b i l l i on  tons ( 1 3 . 24 b i l l i on met r i c  ton s )  I n  the 0-500-
ft (0- 1 52-m) overbu rden category I s  recoverab l e  by 
cu r rent  s t r i p-m i n i ng techn i ques . 

SUMMARY 

The Upper C retaceous F r u i t l and Forma t i on 
conta i ns vast coa l resources I n  the San J uan bas i n  of 
New Mex i co and Co l orado. These coa l s  are concent ra ted 
i n  the l owermost pa r t  of the F r u i t l and Forma t i on ,  and 
i nd i v i dua l coa l beds usua l l y  have the i r  l ong d I mens i on 
o r i en ted pa ra l l e l  to anc i en t  P i ctured C l i ffs  shore l i nes 
--northwes t-- i n  mos t of the bas i n  a rea . I n  add i t i on ,  
the th i cke s t  tota l coa l -- 70 ft  ( 2 1  m) -- I s  
southwest  of the l a rgest s t ra t i g raph i c  r i se I n  the 
pos i t i on of  the P i ctured C l i ffs  Sands tone.  Perhaps 
re�n l t l on of s i m i l a r  env i ronments ,of depos i t i on I n  
coa l bas i ns where contro l  I s  l es s  abundant than i n  
the San  J uan bas i n  may he l p  I n  exp l o�a t i on for th i ck 
coa l depos i ts .  
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F i g .  9 .  I sopach map show i ng the I n terva l f rom the Huerfan l to Benton i te Bed to the top of the P i ctu red C l i ffs 
Sands tone. Contours show th i ckness of the I nterva l I n  1 0o-ft (30-m) I ncremen t s .  The l i ne bound i ng the bas i n  I s  
the base of the Fru i t l and Format i on .  
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r� l g . TO.  I sopach map s how i ng the tota l t h i ckness of F ru i t l and Format i on coa l bed s .  Contours show coa l t h i cknes s :tUt�l � 
20-ft (6-m) I ncrements . The out cropp I ng rocks shown bound I n9 the bas I n are the F r u  I t I and Format I on and K I  rt-

19 nd Sha l e .  und i v i ded ( Kkf) . 
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F i g .  I I .  Map showi ng contours of equa l B t u  va l ues (mo l sture- and ash-free) for Fru i t l and Forma t i on coa l across 
t he San Juan bas i n .  Out c ropp i ng rocks bound i ng the bas i n  a re the Fru i t l and Forma t i on and K i r t l and  Sha l e ,  und i v i ded 
( Kkf) . 
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Tab l e  1 . --FruitZand Formation coaZ resources 
odaurring in various overburden categories in the 
San Juan basin (Fassett and HindS, 1971)  

Overbu rden Coa l .  i n  
th i ckness ( f t) m i l l i ons  of short tons 

� 0-500 • • • • • • • • • • • • • •  1 4 . 638 

� 500- 1 . 000 • • • • • • • • • • • •  1 3 . 868 

\ 
1 .000-2 . 000 • • • • • • • • • • • •  2 7 . 93 7  

2 .000- 3 . 000 • • • • • • • • • • • •  58 . 808  

3.000-4 .000 • • • • • • • • • • • •  82 . 82 4  

Over 4, 000 • • • • • • • • • • • • •  3 . 06 1  

Tota l • . • • • • • • • • • • • • •  2 0 1 . 1 36 

, 
\ 

, .. 

i 
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WYOMING COAL DEPOSITS 
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ABSTRACT : Wyom i ng has nea r l y  a t r i l l i on tons of coa l unde r l y i ng a bout 41 percent of i ts l and a rea . Th i s  coa l 
occurs i n  C retaceous a nd Ter t i a ry coa l -bea r i ng rocks wh i ch c rop out i n  1 0  maj o r  bas i ns ,  reg i ons , o r  f i e l d s  
scattered acros s t h e  S t a t e .  Wh i l e mounta i n  bu i l d i ng ,  fol d i ng ,  a n d  subsequent eros i on has res t r i cted many 
Cretaceous ou tcrops to na r row bands a round the ma rg i ns of the coa l - bea r i ng a reas , younger Ter t i a ry rocks 

__ unconformab l y  ove r l i e t hem I n  the more cen t ra l  por t i ons of the bas i ns .  Ter t i ary rocks a re often nea r l y  f l a t
l y i ng ,  wh i l e C retaceous rocks exh i b i t s teepe r d i ps and mo re comp l ex fo l d i ng .  

Coa l s  w i th i n  these rocks range f rom l es s  than 1 f t  t h i ck to over 200 f t  i n  th i ckness , and occur  a t  
both sha l l ow and g reat  depths . C retaceous coa l s , wh i ch se l dom exceed 1 0  f t  i n  t h i ckness ,  range u p  to 1 1 0 f t  
th i ck i n  western Wyom i ng .  The major i ty of t he C retaceous coa l s ,  espec i a l l y  the th i nner ones , p roba b l y  formed 
I n  va r i ous nea rshore env i ronmen t s  (pa ra l i c ) assoc i a ted w i th  a w i despread C retaceous seawa y .  Te r t i a ry coa l s  
were deve l oped I n  I nte rmontane bas i ns and  a re proba b l y  l i mn l c  i n  or i g i n .  Te r t i a ry coa l s  often exceed 1 0  f t  
i n  th i ckness a nd 70- 1 00 f t  t h i cknesses a re common , espec i a l l y  I n  nor thea s tern  Wyom i ng .  

Wh i l e C retaceou s coa l s  a re b i tumi nous to subb l tumi nous I n  rank ,  Ter t i a ry coa l s  are e i ther subb i tumi nous 
or l i gn l t l c .  These d i ffe rences I n  rank a l one account for a s i gn i f i ca n t  geog raph i c  var i a t i on i n  the qua l i ty of 
coa l s  across the S ta t e .  

I NTRODUCT I ON 

W i th an es t i ma ted one t r i l l i on tons of coa l 
under l y i ng 41 percent  of Wyom i ng (Ave r i t t., 1 975) , a 
short summa ry of the S t a te ' s  coa l depos i ts i s  no easy 
' task. Consequent l y ,  th i s  rev i ew cons i s ts  of a gener
a l i zed d i scus s i on of the d i st r i bu t i on and age of the 
coa l -bea r i ng rock s ,  fo l l owed by br i ef summa r i es of 
the h i s to ry of coa l depos i t i on and se l ected cha racter
i s t i cs of the coa l s .  

By way of background , Wyom i ng ' s  coa l -bea r i ng 
rocks were depos i ted d u r i ng e i ther the C re ta ceous 
Per i od ,  some 66- 1 35 m i l l i on yea rs ago,  or du r i ng the 
younger Ter t i a ry Pe r i od ,  38-66 m i l l i on years  ago . De
pos i t i ona l env i ronments and c l i ma tes du r i ng both  of 
these per i ods were a t  l ea s t  per i od i ca l l y  we l l -su i ted 
to the deve l opment of dense l y  vegetated swamps that 
have s i nce been t ransformed i nto the coa l s  tha t  under
l ie much of the State .  

The i nd i v i dua l geo l og i ca l  forma t i ons that  con
ta i n  these coa l s  character i s t i ca l l y  a re th i ck ,  each 
usua l l y rang i ng from 700-7000 ft i n  t h i cknes s .  The 
Cretaceous forma t i ons norma l l y exh i b i t g radua l ,  re
g i ona l th i cken i ng or  th i nn i ng a c ross t he State .  The 
th i cknesses of the va r i ou s  Te r t i a ry fo rma t i ons , how
ever,  va ry f rom bas i n  to bas i n ,  and a re more re l a ted 
to the l oca l tecton i c  and depos i t i ona l events  that 
affected each of the coa l -bea r i ng a reas than they a re 
to l a rger reg i ona l even t s .  

A l though C retaceous rocks a re the mos t  w i de
spread coa l -bea r i ng rocks i n  Wyom i ng ,  they u sua l l y  
on ly crop out a s  nar row band s o f  uptu rned rock a round 
the ma rg i ns of the l a rger s t ructura l bas i n s  and up
l i fted areas of t he S t a te or as i r regu l a r ,  l i nea r 
bands i n  the thrust  be l t  of wes tern  Wyom i ng .  Re l at i ve l y  
f l at- l y i ng Te r t i a ry rocks , o n  the other hand , occupy 
the centra l  port i ons  of mo s t  of  the coa l - bea r i ng a rea s ,  
where they ove r l  i E'  the o l de r  C re taceous rocks . Even 

1976 Symposiwn on the Geology 
of Rocky Mountain Coal, p. 73- 84 7 3  

t h e  Ter t i a ry rocks often exh i b i t  s teeper d i ps a s  
they approach t h e  ma rg i ns of the coa l - bea r i ng bas i ns 
and reg i ons . 

Both the C retaceous and Tert i a ry coa l -bea r i ng 
forma t i ons conta i n  numerous coa l s  sepa ra ted f rom each 
other by as l i t t l e  as a few i nches of sha l e  or c l ay
s tone , u p  to hund reds of feet of rock that ranges f rom 
coa rse sands tone or cong l omerate to s i l ts tones , c l ay
s tones , and sha l es . A l though the C retaceou s coa l s  
i nterspersed i n  these rocks a re genera l l y l es s  than 
1 0  ft I n  t h i cknes s ,  i n  wes te rnmos t Wyom i ng a few C re
taceous coa l s  a re 30- 1 00 f t  t h i ck .  

The Tert i a ry coa l s  of ten exceed 1 0  f t  I n  t h i ck
nes s ,  w i th  30-80- f t-th i ck coa l s  common . Loca l l y ,  a t  
l ea s t  one Ter t i a ry coa l reaches 220 f t  i n  t h i cknes s .  

The qua l i ty o f  Wyom i ng ' s  coa l s  var i es i r regu
l a r l y  across the S tate , often s i mp l y  because of va r i a
t i ons i n  ran k .  Wh i l e the h i ghest ranked coa l s  i n  the 
S ta te a re b i tum i nous coa l s  of Cretaceous  age , some 
C retaceous coa l s  a re on l y  subb i tum i nous .  The Te rt i a ry 
coa l s  range f rom subb i tum i nous to l i gn i t i c  i n  ran k .  
For th i s  rea son , var i a t i ons i n  mo i s t u re ,  vo l a t i l e  
mat te r ,  f i xed ca rbon , and hea t va l ues of Wyom i ng coa l s  
equa te more to the rank of t he coa l than to pa l eo
depos i t i ona l events . Ash and su l fu r  contents a re 
cha racter i s t i ca l l y  l ow and a re re l ated to the depos i 
t i ona l h i s to r i es o f  the coa l s  rather than to any d i f
ferences I n  ran k .  

Before beg i nn i ng a more deta i l ed d i scuss i on of 
the coa l depos i ts wi th i n  the State,  it  shou l d  be noted 
t ha t  cor re l a t i on of i nd i v i dua l coa l s  across mos t  of 
the coa l -bea r i ng a rea s ,  o r  even across a coa l f i e l d ,  
I s  se l dom documented . For th i s  reason , the cor re l a t i on 
of a coa l from one coa l -bea r i ng a rea to anothe r I s  not 
yet pos s i b l e .  I n  fact , cor re l a t i on o f  some coa l 
bea r i ng forma t i ons f rom one bas i n  o r  reg i on to another 
I s  specu l a t i ve .  
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F i g .  1 .  Coa l -bea r i ng a reas of Wyom i ng . 

COAL-BEAR I NG AREAS 

Coa l - bea r i ng rocks presen t l y  c rop out i n  1 0  
maj o r  a reas of the S tate .  F i gu re 1 shows that  these 
coa l -bea r i ng a rea s , wh i ch a re nea r l y  a l l i so l a ted f rom 
one a nothe r ,  a re des i gna ted as d i screte ba s i ns ,  reg i ons , 
o r  s i ng l e  coa l f i e l d s .  Each o f  the bas i n s  o r  reg i ons 
I s  d i v i ded I nto numerous sma l l er coa l f i e l ds def i ned 
ove r  more than a cent u ry of m i n i ng act i v i ty .  

Powder R i ve r  Coa l Bas i n  

The Powde r R i ve r  bas i n  I s  a s t ructura l as  we l l 
a s  a topograph i c  bas i n  that covers  more than 1 2 , 000 sq 
mi of nor t hea s tern Wyom i ng and extends northwa rd i n to 
sout he rn Montana . The bas i n  formed d u r i ng the Tert i a ry 
age Laram i de O rogeny , when C retaceous and ea r l y  Ter t i -

a ry rocks were fo l ded i nto a n  a symme t r i c  sync l i ne that 
l ef t  the o l de r  rocks uptu rned on t he f l anks of the 
bas i n .  Even as fo 1 d i ng aCId subs  I dence occu rred , younger 
Ter t i a ry rocks were depos i ted , a t  l ea s t  f rom t ime to time 
u nconforma b l y  over the o l de r  rocks .  Today the Eocene 
rocks of . the bas i n  exh i b i t a l mo s t  i mpercept i b l e d ips. 
D i ps on the Pa l eocene rocks , wh i ch a re on l y  2- 5 degreeS 
on the eas t f l an k ,  however ,  s teepen to 7- 1 5  degrees on 
the wes t  s i de of the sync l i na l  ax i s .  

Some l oca l fau l t i ng i s  a l so mapped i n  the 
wes te rn and northe rn part  of the bas i n  bu t fau l t i ng 
i s  not p ronounced . 

' 

The Powde a I bas  i n i s  the mos t pro· 
l i f i c  coa l - bea r i ng a rea i n  Wyom i ng ,  w i th more than one' 
ha l f  of the State ' s  coa l resou rces o r  a n  es t i mated 600- 700 b i l l i on tons of coa l I y i ng

'
w i t h i n  I ts borders .  

Th i s  coa l occu rs  i n  4 forma t i ons rang i ng f rom Uppe r  
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Creta�eous to Eocene I n  a ge ( F i g .  2 ) . Co l l ect i ve l y ,  
these coa l -bea r i ng rocks account  for 7000 f t  o f  the 
8000 ft  of rock a bove the Upper C re taceous P i e r re 
(Stee l e) Sha l e . 

A l though t he U pper C retaceous Mesave rde and 
Lance (He J l C reek) Format'll:m!r1otany conta i n  some 
3-6-f t-th l c� coa l ��the southern por t i on of t he 
basin ,  the most pers i s tenf ana t h i ckest  coa l s  occu r 
i n  the upper par t  of the 2000-3000- f t- th i ck P a l eocene 
Fort Un i on Forma t ion  (Tongue R i ve r  Member)  and I n  the 
IOOO-2UOO-f't-thfcK Eocene Wasatch 'Forma't i on . I n  fact , 
these fWOIef'tTa-ryforma t i ons a re proba b l y  the mos t 
Important coa l -bea r i ng sequences i n  Wyom i ng .  

The For t  Union Egrmstirul coa l s ,  w� i ch a re , be s t  
deve l olled i n  t he norther!:!_eQ.SL�s�ern por t i ons of 
the bas i n ,  cons i s t  of 8- 1 2  t h i c k ,  subb i t um i nous coa l s  
( F l g . j) .  One , the Wyo(fak':Anderson coa l ,  f requen t l y  
ranges between 5 0  and 1 00 f t  t h i ck .  The outcrop of 
th i s  coa l has been mapped for more than 1 00 mi  on the 
eastern s i de of t he bas i n .  The Wyodak-Anderson coa l 
has a l so been tenta t i ve l y  cor re l a ted i nto the Sher i 
dan area 60 m i  across the bas i n . 

The Wasatch Forma t i on conta i ns a s  many a s  8 
pers i s tent , th i ck coa l s .  The t h i cke s t  Wasatch coa l 
occurs at Lake DeSme t ,  on the wes t  s i de of the bas i n . 
There, the Hea l y  coa l l oca l l y  exceeds 200 f t  i n  
thi ckness . 

Hanna Coa l F i e l d  

U p  t o  2 3 , 000 f t  o f  coa l - bea r i ng rocks c rop 
out In the Hanna coa l f i e l d ,  wh i ch occu p i e s  a 750-sq-ml 
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F i g .  3 .  Coa l nomenc l at u re I n  t he Powder R i ve r  bas i n .  

a rea o f  south-cent ra l  Wyom i n g .  S i mp l y  s ta ted ,  these 
rocks l i e I n  a deep s tructura l t rough that i s  d i v i ded 
i nto two separate bas i ns by a l a rge northea s t- t rend i ng 
ant i c l i ne .  The Hanna bas i n  l i es to t he north ; the 
Ca rbon bas i n  l i es to the sou th . L i ke other i ntermon
tane bas i ns i n  the State ,  th i s  t rough formed du r i ng 
the La ram i de orogeny . The Hanna bas i n ,  however ,  i s  
rather a typ i ca l  i n  that i t  not on l y  i s  ext reme l y  deep 
for I ts s i ze ,  conta i n i ng 3 0 , 000- 3 5 , 000 ft of sed i menta ry 
rock ove r l y i ng the P recambr i an crysta l l i ne basemen t ,  
but  a l so mos t  of these rocks a re t i gh t l y  fo l ded and 
fau l ted . Even the Eocene-age rocks s teepen to ver t i 
ca l o n  the f l anks of the bas i n ,  espec i a l l y  I n  the north . 
F l a t te r  d i ps i n  the cent ra l por t i on of the Hanna coa l 
f i e l d  average 5-i 5 deg rees . 

Fau l t i ng i s  qu i te common i n  the cen t r a l  part  
of the  f i e l d ,  a s  we l l  as  a round i ts f l anks . Vert i ca l  
d i sp l a cement  on h i gh-ang l e  fauHs i n  t he cen t r a l  part  
of the  Hanna bas i n  va r i es f rom a few feet  to as much 
as 400 fee t .  C ross-fau l t i ng between major  northwest
sout hea s t  t rend i ng fau l ts a re a l so abundant , a t  l ea s t  
i n  the wes t-cen t ra l  p a r t  of t h e  Hanna bas i n .  
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Coa l s  occur I n  the 2000- 2500- f t- t h i ck Upper 
C retaceous Mesaverde Group and i n  the 4000-6500- ft
t h I ck Med i c i ne Bow Forma t i on ,  as we l l  as  in  the Ter t i -
a ry Fer r i s  and Hanna Forma t i ons ( F i g .  4 ) . \ 

I A l t hough the Mesaverde b i tumi nous coa l s  a re \ 
few i n  number and t h i n ,  as many a s  1 5  Med i c i ne Bow \ 
coa l s  oT sub b i tumi nous rank exceed -3 - ft I n  th i ckness 
i n  the basa l por t i on�of tha t forma t i on .  A ma x i mum 
t h i ckness of 1 1  f t  has been repor ted . These coa l s  a re 
not part i cu l � r ly pe rs i s teht . -

The o l des t major coa l -bea r i ng un i t  i s  the 
7000-ft-th i c k  C retaceous-Pa l eocene Fe rr i s  Forma t i on ,  
wh i c h  con ta i ns a n  es t i ma ted 4 5  subb i tum i nous coa l s  
( F i g .  5 ) . Twenty of these coa l s  a re ove r 3 f t  t h I ck .  
A l t hough a t  l ea s t  one Fer r i s  coa l reaches 2 4  f t  i n  
t h i cknes s ,  most  Fer r i s  coa l s ,  though numerous , a re 
l ess  than 6 f t  t h i ck .  

Wh i l e t he basa l 5000 f t  of  the ove r l y i ng Hanna 
Forma t i on i s  ve ry p roba b l y  Pa l eocene i n  age , the upper 
2000 ft i s  of Eocene age . The Hanna Forma t ion conta i ns 
about 20 coa l s ,  mos t  of wh i ch a t  l ea s t  l oca l l y  exceed 
3 f t  i n  t h i ckness . More i mportan t l y ,  the Hanna No . I ,  
No . 2 ,  and No . 5. coa l s  range u p  to 3 0  f t ,  36  f t , and 
29 f t  t h i c-k ,  respect i ve l y .  

. 

- A l though outc rops of the more pers i s tent coa l s  
i n  the Fer r i s  and Hanna Forma t i ons have been t raced 
fo r d i s ta nces up to 1 5  m i , outcrops of many coa l s  
cannot be mapped l a tera l l y  for more than a few thousand 
fee t .  
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F i g .  4 . 
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F ig .  5 .  Coa l nomen c l a t u re I n  the Hanna and Ferr i s  
Forma t i on s  o f  t he Hanna coa l f i e l d .  

G reen R i ver Coa l Reg i on 

o 
o 
It) 
<D 

The G reen R i ve r  Coa l Reg i on cover s  a bout 1 5 ,400 
sq m l  of sou thwes tern Wyom i ng .  I t I s  s t ructura l l y  com
p l ex ,  w i t h  the Rock Spr i ngs  up l i ft r i s i ng i n  the south
cen t ra l  por t i on of the reg i on ,  thus  separat i ng the Green 
R ! ver (or  B r i dger) bas i n  f rom the bas i ns eas t  of the up
l i f t .  Eas t of the Rock Spr i ngs u p l i ft the l ow- rel ief 
Wamsutter  a rch d i v i des t he Was ha k i e  b� l n  f rom the 
G rea t D i v i de bas i n  to t he nor t h .  

C retaceous rocks d i p  4- 1 0  deg rees o n  the east 
f l ank of the up l i f t , and I nc rease to 6-20 degrees on 
the west f l an k .  These same C re taceous rocks d i p  20-
60 deg rees on the ext reme eas tern marg i n  of t he region. 
The younger Ter t i a ry rocks a re fa i r l y  f l a t- l y i ng ex-
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cept on the eastern s i de of the reg i o n ,  where the 
Pa l eocene rocks , a t  l ea s t ,  d i p  u p  to 1 2  deg rees wes t
ward . 

Fau l t i ng i s  more p ronounced I n  the Rock 
Spr i ngs a rea than I n  the Hanna bas i n .  Fau l ts t rend 
northeas t-southwes t  across the u p l i ft ,  l eav i ng l ong , 
narrow fau l t  b l ocks bounded on e i t her s i de by h i gh 
ang l e  fau l ts . Vert i ca l  d i sp l acement s  o n  these fau l ts 
vary from I nches to hund reds of feet . 

Coa l s  I n  the G reen R i ve r  reg i on occur  i n  t he 
Mesaverde Group a nd I n  the Lance Forma t ion , both of 
Upper C retaceous age;  I n  the Fort  Un i on Forma t i on ,  of 
Pa leocene age ; and I n  the Was a tch Forma t i on ,  of Eocene 
age ( F i g .  6) . The tot a l  t h i cknes s of a l l of these 
coa l -bea r i ng rocks I n  the reg i on I s  9 , 000 f t .  

I n  the Rock S p r i ngs a rea , Mesaverde coa l s  a re 
found I n  the 1 400-ft-th l ck Rock S pr i ngs Forma t i on nea r 
the base of the G roup and i n  the 500-ft-th i c k  A l mond 
Format ion , wh i ch ma rks the top of the Mesave rde se
quence . Rock Sp r i ng s  c()a t� ,reported l y_ range up to 1 0-
1 4  ft th i ck ,  but ZI:'b-ft-th i ck coa l s  a re more common 
(F19 . 7) . Some of t he more pers i s tent  coa l s  have been 
traced for 30 ml a l ong t he nor th and wes t  f l a n ks of 
the up l i ft .  The subb l tumi nous A l mond coa l s ,  on t he 
other hand , a re more numerous , but s e l dom exceed 
8 ft I n  th i ckness .  Coa l s  i n  the Mesave rde G roup on the 
eastern s i de of the G reen R i ver reg i on average l es s  
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F ig .  6. Coa l bear i ng rocks In  t he G reen R i ve r  reg i on .  
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F i g .  7 .  Coa l nomen c l a t u re I n  t he Rock Spr i ng s  
Forma t i on of t h e  G reen R i ver reg i on .  

inan 4 f t  t h i ck ,  but  l oca l l y reach 1 6  f t .  

7 
8 
9 
I I  
1 3  
1 5  

Subb i tuml nous coa l s  of the Lance Forma t i on a re 
bes t deve l oped on the east f l ank of t he Rock Spr i ngs 
up l i f t ,  whe re t hey average 5- 1 0  f t  th i ck .  Out c rops 
on the eas t  s i de of t he G reen R i ve r  reg i on i n d i ca te 
fewer coa l s  i n  the Lance , but the max i mum th i ckness 
i nc reases to 20 f t .  

Coa l s  occur i n  t he 1 000-ft- th i ck Fort  U n i on 
Forma t i on a nd i n  the 3300-ft-th i ck Wasatch Forma t i on 
th roughout t he bas i n .  Th i c k  a ccumu l a t i ons of younger 
noncoa l -bea r l ng rocks , however ,  ove r l i e  these and o l de r  
rocks over mos t o f  the G reen R i ver a n d  Washa k i e  bas i ns • 

For t  Un i on coa l s  i n  the wes tern pa r t  of t he G rea t D i v i de 
bas l n--Toca fl y  reach 30 - ft  I n  tfiTckness-. S i x- to 1 6-ft
thTCR-sub1DT tUml nous coa l s  a re desc r i bed on the eas t  
s i de . Wasa tch coa l s  a re appa ren t l y  bes t  deve l oped on 
the eas t  s i de of the G reat D i v i de bas i n ,  where a t  
l east  1 0  coa l s ,  rang i ng f rom 5-43 f t  t h i ck ,  have been 
mapped a l ong outcrop for 6-20 m i . These Wasatch coa l s  
a re reported l y  subb i tum i nous I n  ran k ,  l en t i cu l a r ,  and 
g rade I nto sha l e  to the east and wes t .  

Hams Fork Coa l Reg i on 

The Hams Fork coa l reg i on I s  u n i que f rom the 
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other coa l -bea r i ng a reas of the State because i t  i s  
fol ded a nd thrus t-fau l ted . I t  i s  character i zed by 
a fo l ded Pa l eozo i c  and Mesozo i c  sequence thrus t eas t
wa rd over fo l ded C retaceous rocks . The younge s t  
C retaceous a n d  Tert i a ry rocks o f  t h e  a rea were then 
unconforma b l y  depos i ted on top of the fo l ded and 
fau l ted post-Cretaceous and o l der Cretaceous rocks . 
Consequent l y ,  t he coa l - bea r i ng rocks i n  th i s  reg i on 
now c rop out  i n  l ong , narrow be l ts bounded by thrust  
fau l ts ,  or the f l anks of eroded fo l d s .  

The coa l - bea r i ng rocks of th i s  reg i on a re the 
Bear R i ve r ,  Front i er ,  and Adav i l l e Forma t i ons of C re
taceous age , and the Evans ton Forma t i on of Pa l eocene 
age ( F i g .  8 ) . Co l l ect i ve l y ,  these forma t i ons accoun t  
for a l i t t l e  l es s  than one-ha l f  of the es t i ma ted 
2 0 , 000 ft of rocks above the J u rass i c .  

Of th i s  9 , 200 f t  of coa l -bea r i ng roc k ,  the 
Bea r R i ve r  and Evans ton Forma t i ons , wh i ch a re each 500-
1 000 ft th i ck ,  conta i n  the l ea s t  amount of coa l . The 
Bea r R i ve r  coa l s ,  i n  part i cu l a r ,  a re usua l l y  th i n  or 
absen t .  The Evans ton Forma t i on ev i denta l l y  conta i ns 
some th i ck coa l s  (24-30 ft th i ck ) , a t  l ea s t  no rth of 
Evans ton . 

The o l de s t  p r i nc i pa l  coa l -bea r i ng forma t i on i n  
the reg ion  i s  the 2200-2600- f t - th i ck Fron t i er Forma t i on .  
Th i ck and pers i s tent coa l s  appa ren t l y  a re res t r i cted 
to the m i dd l e  and top of the forma t ion , whe re 3-20-ft
th i ck coa l s  a re repor ted . Mos t Fron t i e r  coa l s ,  how
eve r ,  a re l es s  than 6 f t  th i ck .  I n  the eastern pa r t  
o f  the reg i o n ,  the t h i cker and more pers i s tent  coa l s  
can be t raced a l ong the outc rop for more than 1 00 m i . 
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F i g .  9 .  Coa l nomen c l a t ure  i n  the Adav i l l e Format ion 
of the Hams Fork reg i on .  

F i g .  8 .  Coa l -bea r i ng rocks i n  the Hams For k  reg ion . 
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The Ada v i l l e Fo rma t i on ,  wh i ch may be equ i va l en t  
i n  age to the Mesaverde , Lew i s  a nd Lance Fo rma t i on s  
of the Green R i ver reg i on ,  i s  w i t hou t q ues t i on the 
most i mportant coa l -bea r i ng rock un i t  i n  the Hams Fo rk 
reg i on . Rang i ng f rom 2900- 4000 ft  i n  th i cknes s ,  t h i s  
format i on con ta i ns more than 3 2  coa l s  w i t h i n  a 1 000 f t  
i nterva l , many o f  wh i ch a re much t h i cke r than the other  
coa l s  of  th i s  age  i n  Wyom i ng ( F i g .  9) . A l though seve ra l 
of these subb i tum i nous coa l s  a re 1 0-30  f t  i n  th i ckness , 
the basa l Adav i l l e coa l , the Adav i l l e No . 1 ,  i s  l oca l l y 
1 1 0 ft th i ck .  

A l though a zone o f  Adav i l l e coa l s  can be 
traced for a l mos t 1 00 m i , i nd i v i dua l coa l s  w i t h i n  the 
zone are not so pe rs i s tent . Th i s  coa l  zone perhaps 
best typ i f i es the var i a b l e  t h i ckness of i nd i v i dua l 
coa l s ,  the s p l i t t i ng and coa l es c i ng n a t u re of coa l s ,  
and the va r i ous l i t ho l og i es a s soc i a ted w i th coa l s ,  
rang i ng f rom sands tones and cong l omerates  to s i l t
stones , c l aystones , and s ha l es ( F i g .  1 0 ) . 

B i ghorn Coa l Bas i n  

The B i ghorn coa l bas i n  i s  a b road s t ructu ra l 
and topog raph i c  bas i n  tha t occup i es a bout  4400 sq m i  
of north-cen t ra l  Wyom i ng .  Loca l fo l d i ng characte r i zes 
the f l anks of the bas i n .  These sma l l fo l ds crea te 
loca l d i ps at va r i ous ang l es to the overa l l  sync l i na l  
structure of the ba s i n .  D i ps f rom 5-50 deg rees a re 
common i n  these bo rde r a rea s . The re a re a l so nume rou s 
norma l fau l ts on the f l a nks of the sync l i ne ,  espec i a l l y  
i n  the northern ha l f  o f  the bas i n .  Mos t o f  t hese 
fau l ts trend northea s t-sout hwes t ,  w i th  ver t i ca l  d i s 
pl acements up to 250 f t  repor ted . 

P r i nc i pa l  coa l -bea r i ng rocks a re the Upper 
Cretaceous Mesaverde , Meetee t s e ,  a nd Lance Forma t i ons 
and the Pa l eocene Po l eca t Bench ( Fo r t  Un i on )  Forma t i on 
(F i g .  1 1 ) . These forma t i on s , wh i ch tota l 6 , 000 f t  i n  
th icknes s ,  crop out  i n  a 3-5-m i -w i de zone a round the 
bas i n .  i n  the cent r a l  pa r t  o f  the ba s i n ,  these ooa l 
bea r i ng rocks a re bu r i ed benea th another 6 , 000 f t  of 
Eocene rocks , barren of coa l except for a few t h i n  l enses 
of sha l y  coa l o r  coa l y  sha l e .  

Mos t  of t he Upper C retaceous coa l s  a re descr i bed 
as l ent i cu l a r  a nd of l i m i ted extent , espec i a l l y  a l ong 
the eastern s i de of the bas i n .  The Mesaverde coa l s ,  
wh ich are subb i tumi nous i n  a l l  but  t he northern  pa r t  
of the bas i n ,  where t hey become b i tum i nou s , a re 
pers i s tent and suff i c i en t l y  t h i ck i n  the  sou thern  
pa rt of  the sync l i ne that t hey can be mapped for up to  
3 m i  a long s t r i ke .  Mos t Mesaverde coa l s  a re l es s  than  
6 ft th i ck ,  but t hey repor ted l y  th i cken to 1 2  f t  i n  
pl aces . 

Meeteetse  coa l s  ev i denta l l y  th i cken to a s  much 
as 1 1  ft when numerous t h i n  coa l s  coa l esce i nto i nter
bedded coa l and s ha l e  un i ts .  i n  compa r i son , Lance coa l s  
are usua l l y  l es s  than 1 f t  t h i ck .  

The Pa l eocene Po l ecat  Bench Forma t i on conta i ns 
� the th i ckest  coa l s  i n  the bas i n .  The max i mum th i ck

ness for these coa l s  i s  38  f t .  Usua l l y the Pa l eocene 
coa l s  a re l ess  than 9 ft t h i ck .  The Po l ecat  Bench 
Forma t i on gene ra l l y  exh i b i ts s ha l l ower d i ps than do 
the o l der rocks i n  the bas i n .  

W i nd R i ver Coa l Bas i n  , 
The W i nd R i ve r  coa l ba s i n  i s  a l a rge asymme t

r ica l  sync l i ne a nd topog raph i c  bas i n  i n  cen t ra l  

Wyom i ng .  D i ps a re s teeper on the nor thern s i de than 
on the southern .  Many m i no r  fo l ds and a number of 
fau l ts comp l i cate  the s t ructu re o f  the bas i n .  

Coa l -bea r i ng rocks a re approx i ma te l y  equ i va l en t  
to those i n  t h e  B i ghorn bas i n  a n d  cons i s t  of the Mesa
ve rde and Meeteetse Forma t i ons (Upper C retaceou s )  and 
the For t  U n i on Fo rma t i on ( Pa l eocene age) . Coa l s  on l y  
c rop out  o n  the f l anks  o f  the sync l i ne ,  i na smuch as  
coa l -bea r i ng rocks i n  the cen t ra l  po rt i on of  the  bas i n  
a re under cons i de rab l e  cove r .  A l l o f  the W i nd R i ver 
bas i n  coa l s  a re be l i eved to be s ubb i tum i nous in  ran k .  

Jackson Ho l e  Coa l F i e l d  

The J ackson Ho l e  coa l f i e l d  i s  a n  extens i on 
o f  the G reen R i ve r  reg i on i n to no rthwes tern Wyom i ng .  
The f i e l d  i s  unde r l a i n  by coa l over a n  a rea o f  700 sq 
m i . S u b b i t um i nous coa l s  occur  i n  the Upper Cretaceous , 
Pa l eocen e ,  and Eocene rocks . 

B l ac k  H i l l s Coa l Reg i on 

Th i s  sma l l coa l - bea r i ng a rea i s  l oca ted i n  
ext reme northea s tern  Wyom i ng .  At l ea s t  one b i tumi nous 
coa l c rops out i n  a na r row, d i scont i nuous be l t  th rough 
the reg i on .  The coa l be l ongs to the Lower C retaceous 
Lakota Cong l ome ra te . i t  l oca l l y  th i ckens to a s  much 
as 1 0  ft of coa l . 

Rock C reek Coa l F i e l d  

The Rock C reek coa l f i e l d  i s  a sma l l  f i e l d  
sou thea s t  o f  the Hanna coa l f i e l d .  Coa l s  occur  i n  the 
Mesaverde G roup of Uppe r C retaceous age and in the 
Hanna Fo rma t i on of Pa l eocene and Eocene ages . The 
th i ckest  a nd mos t  pers i s tent coa l s  a re i n  the Mesa
verde Forma t i on i n  the no rthwes tern pa rt of the f i e l d .  
One Mesave rde coa l reported l y  a t ta i ns a t h i ckness of 
1 7  f t .  A l l of the coa l s  i n  th i s  f i e l d  a re reported l y  
s ubb i tumi nous i n  ran k .  

Gos hen Ho l e  Coa l F i e l d  

The Goshen Ho l e  coa l f i e l d  i s  i n  the sou th
eastern co rner of the S ta te . There reported l y  a re 
coa l s  i n  the Upper C retaceous Lance Forma t i o n ,  but  
very  1 i t t l e  i s  known abou t t hem . O i l and gas  we l l  
l ogs  sugge s t  that there may be th i cke r coa l s  i n  the 
a rea than the 2 . 5- f t-th i ck coa l s  tha t have been re
ported . Much of th i s  f i e l d  i s  covered by younger 
rocks , wh i ch con ta i n  no coa l . 

COAL- BEAR i NG FORMAT i ONS 

Lower C retaceous  

i n  rev i ew, the  o l des t coa l -bea r i ng forma t i on i n  
Wyom i ng i s  the Lower C retaceous Lakota Cong l omera te 
( F i g .  1 2) .  Th i s  forma t i on conta i ns at l ea s t  one coa l 
i n  the  B l ack H i l l s Coa l reg i on .  

The Bea r R i ve r  Fo rma t i on of Lower C retaceous 
age ( Ru bey , 1 975)  i s  the next younger coa l - bea r i ng 
rock un i t  a bove the Lakota . Aga i n , the coa l s  i n  the 
Bea r R i ve r  Forma t i on a re very l oca l i n  extent and have 
on l y  been repor ted i n  the Hams Fo rk coa l reg i o n .  
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� Coa l - be a r i n g 
port  I o n s  af t h e  
f or m a t i o n s  

PO L E CAT 
B E N C H 
FOR M AT I ON 
0 - 8 0 0 0 + ' 

L A N C E  
FOR M AT I O N  
700 - 1 8 0 0  ' 

M E E T E E T S E  
FO R M AT I O N  
4 0 0 - 1 5 0 0 ' 

M E S A V E R D E 
FOR M AT I ON 
1 00 0 - 1 8 0 0 ' 

F i g .  1 1 . Coa l -bea r i ng rocks i n  t he B i ghorn bas i n .  

Upper Cretaceous 

Sepa rated f rom the Bea r R i ver  by a ma r i ne 
sha le ,  the over l y i ng F ront i er Forma t i on conta i ns 
numerous fa i r l y  th i ck ,  pers i s tent  coa l s  i n  wes tern 
Wyom i ng .  E l sewhe re , the  Fron t i e r  coa l s  appa rent l y  
are th i n ,  sha l y ,  and of very l i m i ted exten t .  

The o l des t w i desp read coa l depos i ts i n  Wyom i ng 
are found i n  the Mesave rde G roup or I n  I ts wes tern 
equ iva l ent ;  the Adav i l l e Fo rma t i on .  These rocks con
ta in  numerous t h i ck to modera te l y  t h i ck coa l s  i n  the  
Hams Fork and  G reen R i ve r  reg i ons . Mesave rde coa l s  
are less numerou s  and apparent l y  a re t h i nner and more 
loca l I n  exten t t h roughout the res t of the S ta t e .  The 
Mesaverde d i sappea r s  before i t  i s  ha l fway across the 
Powder R i ver bas i n ,  and on l y  exh i b i ts ve ry t h i n  coa l s  
on the sou thern f l an k  o f  t h a t  bas i n .  

The Meeteetse  Forma t i on wa s depos i ted a t  abou t 
the same t i me  as the Lewi s Sha l e . Th i s  forma t i on I s  

I recog n l zed i n  the  W i nd R i ver  and B i ghorn ba s i ns ,  where 
l i t  conta i ns some coa l s ,  most  of wh i cn a re t h i n  a nd 
d i s con t i nuous . 

Lance Forma t i on coa l s  a re the youngest Upper 
C re taceous coa l s  i n  Wyom i ng .  A l t hough the Lance or 
i ts equ i va l ent , the Med i c i ne Bow Forma t i on of th; Hanna 
f i e l d ,  conta i ns coa l t h roughou t the S tate , Lance coa l s  
a re bes t deve l oped i n  sou thern Wyom i ng .  The re they 
a re nume rous ,  but s e l dom a re more than 1 0  ft  th i ck .  

Pa l eocene 

Pa l eocene rocks , va r i ous l y  mapped as the For t  
Un i on ,  Po l eca t Bench , or  Evans ton Forma t i ons , crop 
out i n  a l l but the B l ack H i l l s reg i on and Goshen Ho l e  
f i e l d .  Pa l eocene rocks i nva r i ab l y  conta i n  coa l s ,  a l 
t hough they a re mos t pro l i f i c  i n  the Powder R i ver  bas i n  
and Hanna f i e l d s .  Wh i l e there a re more Pa l eocene coa l s  
i n  t he Ferr i s  and Hanna Forma t i on s  of the Hanna f i e l d ,  
t he For t  Un i on coa l s  o f  the Powder R i ver  bas i n  a re 
often three to fou r t i mes as t h i ck a s  the th i ckest  
coa l s  i n  the Hanna f i e l d ,  wh i ch a re as  much as 36 f t  
t h i ck .  

Eocene 

The Eocene Wasatch Forma t ion  i s  the youngest  
coa l -bea r i ng rock u n i t i n  Wyom i ng .  I n  the Powder 
R i ver bas i n ,  a t  l eas t ,  I t  r i va l s  t he o l der  Pa l eocene 
rocks i n  both the number of coa l s  i t  conta i ns and i n  
t he i r  th i cknes s .  I n  fac t ,  the Wasa tch conta i ns the 
th i ckest  coa l i n  Wyomi ng ,  the 220- f t- th i ck Hea l y  coa l . 
Wasa tch or equ i va l en t  coa l s  a re a l so abundant and 
modera te l y  th i ck in the G reat D i v i de bas i n  of the 
G reen R i ver reg i on and i n  the Hanna f i e l d .  E l sewhere 
i n  the S ta te , t hey a re t h i nner and l ess  pers i s tent than 
many o l der  coa l s .  

H I STORY O F  COAL DEPOS I T I ON 

W i th t he poss i b l e  except i ons of a l l o r  part 
of t he Adav i l l e and uppermos t Lance coa l sequences , 
Uppe r Cre taceous coa l s  proba b l y  we re a l l der i ved from 
para l i c  swamps-- swamps that g rew i n  c l ose p rox i m i ty to 
a sea . The Fron t i e r  and Mesaverde coa l s ,  i n  part i cu l a r ,  
a re p robab l y  the remnants o f  swamps that  grew a l ong or 
nea r the shore l i ne of a w i despread Cretaceous seaway 
that per i od i ca l l y advanced and retreated across vas t  
po r t i ons o f  Wyom i ng and adj acent s ta tes . 

A l t hough l oca l regres s i ons of the s hore l i ne 
per i od i ca l l y  i n ter rupted the advance of the C retaceous 
sea i n  Front i er t i me ,  th i s  was a major  transg res s i ve 
per i od now ma rked by the ma r i ne sha l es that ove r l  i e  
t he Fron t i e r  Forma t i on .  

The coa l s  i n  the bas a l  por t i on of the Mesa
verde G roup rep resent remnants  of swamps that accumu
l a ted i n  response to a maj or  reg ress i ve phase of t he 
C retaceous sea . The swamps that  dotted the s hore l i ne 
of t h i s  ret rea t i ng sea advanced or ret rea ted across 
the a rea i n  res ponse to l oca l t ransg res s i ve or re
g res s i ve pu l ses I n  the ove ra l l reg res s i on .  The upper
mos t Mesaverde marks a nother t ransg res s i ve sequence , 
wh i ch was fo l l owed by the depos i t i on of the ma r i ne 
Lew i s  Sha l e  or i ts equ i va l ents  over much of the S ta te .  

The coa l -bea r i ng Uppe r Cretaceou s Meeteetse 
Forma t i on of the B i ghorn and W i nd R i ve r  bas i ns prov i des  
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F i g .  1 2 .  Maj o r  coa l - bea r i ng forma t ions  i n  Wyom i ng .  

ev i dence t h a t  the Lew i s embayment  d i d  not i nu ndate t hose 
a reas a s  i t  d i d  other parts of the State .  Meeteetse 
coa l depos i ts were proba b l y  depos i ted th rough  the 
t ransgress i ve ,  s ta t i onary , and reg res s i ve phases of 
the ma r i ne i ncurs i on that  res u l ted i n  depos i t i on of 
the Lew i s S ha l e .  

The Upper C retaceous Lance, o r  Med i c i ne Bow , 
Forma t i ons  we re depos i ted after  the f i na l  reg res s i on 
of the Cre taceous sea . A l though the coa l s  may have 
been para l i c  at the base of the Lance , the uppe r Lance 
took on a more terres t r i a l  o r  l i mn i c  character as  the 
sea ret reated beyond t he bo rders of Wyom i ng .  The 
uppe rmos t Lance coa l s  are p roba b l y  de r i ved f rom swamps 
g row i ng on a va s t  f l ood p l a i n  cha racte r i zed by mean
der i ng s t reams and f reshwa ter l akes . 

Both the exact age and or i g i n  of coa l s  i n  the 
Uppe r C re taceous Adav i l l e Forma t i on of sou thwestern  
Wyom i ng a re p rob l ema t i c  because t he i r s t ra t i g raph i c  
re l a t i ons h i p  to the coa l -bea r i ng rocks i n  the G reen 
R i ve r  bas i n  i s  u nc l ea r  and because many a re a typ i ca l l y  
t h i ck for para l i c  Cretaceous-age coa l s .  I f  they a re 
i ndeed pa ra l i c ,  t hey must have been der i ved f rom 
swamps g row i ng adj acen t to t he C re t�ceous sea as i t  
made i ts f i na l  ret rea t f rom western  Wyom i ng. 

A l terna t i ve l y ,  the Adav i l l e coa l s  may have been 
de r i ved f rom swamps � row i ng i n  a subs i d i ng ba s i n  
genera l l y  wes t  of any maj o r  ma r i ne i nc u rs i ons . The 
p resence of  an  occas i ona l b rack i sh-water  fos s i l  i n  
the uppe r ha l f  of the coa l sequence , howeve r ,  prec l udes 

a comp l ete cutoff f rom the sea . These foss i l s a l so 
s ugges t tha t the swamps mus t  have accumu l a ted before 
or du r i ng the l a s t  maj o r  reg res s i on of the sea or 
pos s i b l y  i n  response to a younger he retofore un recog
n i zed ma r i ne embayment . The former seems the more 
I i ke l y .  I n  any  case , the basa l coa l swamps may be more 
con t i nenta l i n  o r i g i n  than a re the upper ones . 

By Pa l eocene t i me , Wyom i ng wa s ma rked by wi de
spread e ros i on a nd o rogen i c  act i v i ty that pa rt i t ion� 
the S ta te i nto va r i ous i n te rmontane bas i ns .  The sea
ways of the C retaceous had w i  thd rawn , and the Cretaceous 
rocks we re be i ng fo l ded and fau l ted w i th i n  the bas i ns 
as mounta i ns rose a round them." C l as t i c  Tert i ary sed i 
men t s  ca r r i ed i n to the  bas i ns by r i vers  were deposi ted 
ove r the o l de r  rocks . • 

Dur i ng th i s  per i od ,  swamps g rew over l arge 
a rea s of the i ntermon tane bas i ns kept mo i s t  by the I n
terna 1 d ra i nage that  f l owed i nto t hem . A I though most 
of the Ter t i a ry coa l swamps accumu l a ted adj acent to 
l a rge mea nde r i ng r i ve r s ,  o thers g rew a l ong the shores 
of f reshwater  l a kes . These i n te rmon tane a reas , there
fore , w7re p roba b l y  characte r i zed by f l ood- p l a i n , 
l a::us t r l ne�d7 I ta ,  and even a l l uv i a l - fan  depos i ts . I n  
t h i s  depOS i t i ona l sett i ng ,  the coa l s ,  as  we l l  as the 
rocks a: soc i a ted w i th t hem , record the effects of meande r i ng s t reams , var i a t i ons  i n  sed i ment  i nf l ux f l oo� i ng ,  c l i ma t i c  f l uctua t ions , d i fferen t i a l com: 
pact i on ,  and l oca l tec ton i c  even ts cou p l ed w i th con
t i nuous s ubs i dence . 
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J'
COAL CHARACTE R 1 ST I C S 

l, 
Rank 

Wyomi ng coa l s  range f rom l i gn i te to b i tum i nous 
in rank . L i gn i tes , howeve r ,  a re res t r i c ted to a sma l l 
area i n  the northeas tern corner  o f  the Powder  R i ve r  

bas in  that ma rks a sou thern extens i on of the  Te rt i a ry 
�ll i gn i te depos i ts o f  Mon tana a nd North  Dakota . 
� Subb i tumi nous coa l s ,  wh i ch a re a l l e i ther 
�Tert iary or Uppe r C retaceous i n  age , a re found i n  a l l 
§'the coa l -bea r i ng a reas of the S t a te except  the B l ack  :rl i l l s reg i on ( F i g .  1 ) .  Usua l l y the s u b b i tumi nou s 
I[ "coals  occupy the more cen t ra l  pa r t s  of the coa l - bea r i ng 

3reas , a l thoug h ,  i n  the case of the Hams Fork reg i on ,  
,ubsequent eros i on has re l ega ted even the younger 

." ubbi tumi nous coa l -bea r i ng rocks to na r row bands bet-
:: .een fau l ts and eroded fo l ds .  I n  severa l bas i ns ,  the 
; : ,ubbi tumi nous coa l s  are  b u r i ed benea th g reat  t h i c knes ses pf noncoa 1 -bea r i ng rocks . 
� Most of the b i tumi nous coa l s  of Wyom i ng c rop �,ut as nar row bands i n  the Hams Fork  reg i on ,  a round the 
(,lock Spr i ngs up l i f t ,  the ea s tern  edge of the G reen R i ve r  
;:'eg ion ,  and the per i phery o f  the Hanna coa l f i e l d .  The T�saverde coa l s  i n  the north end o f  the B i ghorn  Bas i n  and 
, : :,:he Lowe r Cretaceous coa l of the B l ack H i l l s reg i on a re 
� l so b i tumi nous . B i tumi nous coa l s  a re much more w i de
�;pread than these ou tcrops wou 1 d sugges t s i mp 1 y because 
j great por t i on of the b i tumi nous coa l s  1 i e  deep l y  
::"I ur ied benea th younge r forma t i ons  tha t e i  ther con-
ta in lower rank coa l s  o r  no coa l s  a t  a l l .  A l l b i 
�umi nous coa l s  i n  Wyom i ng a re C retaceous  i n  age . 
[I, 
_hem ica l  Compos i t i on , Hea t Va l ue ,  and S u l f u r  

Mo i s ture , vo l a t i l e ma t t e r ,  f i xed ca rbon , a nd 
,eat va l ues of coa l s  vary w i de l y  across the State i n  
l i rect response to var i a t i ons  i n  ran k .  The b i tum i nous 
Ind h i gh - rank subb i tum i nous C re taceou s a nd Te r t i a ry 

<oa ls  on  an  as-rece i ved bas i s  a re ve ry s i m i l a r .  Mo i s
I��,ure contents a re l es s  than 1 5  percent, vo l a t i  I e  ma tter  
!ontents a re between 30-40 percen t ,  f i xed carbon con
'e :ents are greater than 40 percen t ,  and heat va l ues are  
lli 'etween 1 0 , 000- 1 2 , 000 Btu/ l b .  I n  con t ra s t , the l owe r 
i 1 'anked subb i tum i nous Te r t i a ry coa l s  of the G reen R i ve r  
'ii 'eg ion and the Powder R i ve r  bas i n  have as- rece i ved 
1� :lO isture contents between 20-30 pe rcen t ,  a bout equa l 
�I:'ol at i l e matter and f i xed ca rbon conten t s , and hea t 

a I ues between 7000-9000 Btu/ l b .  
the, Va r i a t i ons i n  ash and s u l f u r  con tent  a re ev i -
t1i,enta ly more re l a ted to events  i n  the depos i t i ona l 
� i story of the o r i g i na l  coa l swamps than they are re
'i rated to rank .  Consequent l y ,  var i a t i ons  i n  a s h  con-

ent, in pa r t i c u l a r ,  a re q u i te i r regu l a r .  As- rece i ved 
ir :sh contents range f rom a few pe rcent  to more than 50 
i �, ercent i n  response to t he vo l ume of i norgan i c  debr i s  
�nter i ng the or i g i na l  coa l swamp . Pub l i shed a na l yses 
: f  var ious coa l s  samp l ed a c ross  the S ta te , howeve r ,  
c uggest tha t a typ i ca l , pers i s ten t Wyom i ng coa l of 
_ inab le  thi ckness con ta i ns l es s  than 10  percent ash . 
,'" Su l fu r  conten t s , on the o the r hand , show a : e l at i onsh i p  that va r i es  w i th the age o f  the coa l . 
I I :he Cretaceous coa l s  appea r to conta i n  s l i gh t l y  more 
cliu l fur on a we i ght -percent bas i s  than do the Te rt i a ry 
�?a ls . Pub l i shed a na l yses o f  the C re taceous coa l s  of 
: fom i ng usua l l y range f rom 0 . 9- 2 . 0  percent su l fu r , comil red to a range o f  0 . 3- 0 . 9  percent s u l f u r  i n  Te r t i a ry 

la l s .  

Maj o r  and M i nor E l ements  

I n  Wyom i ng coa l s ,  maj or e l ements , wh i ch make 
up more than 0 . 1 percent of a coa l , a re s i l i con , 
ca l c i um ,  a l um i num ,  i ron and magnes i um, usua l l y  i n  
tha t  order o f  abundance . Common m i no r  e l ements  a re 
potas s i um ,  sod i um ,  t i ta n i um ,  phosphorous ,  c h l o r i ne ,  
and manganese , i n  tha t  orde r .  

S i l i con , a l umi num , ca l c i um and i ron a l l can 
be p resent i n  concen t ra t i ons g rea ter than 2 pe rcen t ;  
s i l i con concen t ra t i ons have exceeded 5 pe rcen t i n  
some samp l es . The m i no r  e l ement s  rare l y  exceed 0 . 1 
percent and a re bes t descr i bed i n  thou sands or l ess  
pa rts  pe r m i l l i on .  

Based on some recent ana l yses , Wyom i ng ' s  C re
taceou s and Te r t i a ry coa l s  show s i m i l a r  concen t rat i ons 
o f  a l l the major  and m i no r  e l ements except ca l c i um and 
sod i um .  The concent ra t i on of ca l c i um and sod i um i n  
the Te rt i a ry coa l s  a re usua l l y  fou r to f i ve t i mes the 
concen t ra t i ons  norma l l y  reported i n  the C retaceous 
coa l s .  

Major and minor elements in 48 Wyoming coal 
samples in percent on a whole-coal basis (Glass, 1 975) 

RANGE AVERAGE 

S i  1 i con 0 . 4 1 - 5 . 50 I .  70 
Ca l c i um 0 . 1 3- 2 . 1 0  0 . 75 
A l um i num 0 . 1 7- 2 . 50 0 . 72 
I ron 0 . 1 5-2 . 1 00 0 . 5 1  
Magnes i um 0 . 026- 0 . 340 0 . 1 7  
Potass i um 0 . 005-0 . 370 0 . 063 
Sod i um 0 . 003- 0 . 1 90 0 . 044 
Ti tan i um 0 . 00 I l-0 . 1 30 0 . 038 
Phos phorou s 0 . 002 1 l- 0 . 044 0 . 0 1 2 1  
Ch l or i ne 0 . 004-0 . 026l O . O I Ol 
Manganese 0 . 0007L- 0 . 0492 0 . 004 

Note : " l" means  l es s  than . 

Trace E l ements 

O f  the 30  t race e l emen ts recog n i zed in  some 
48 ana l yses of Wyom i ng coa l s ,  concen tra t i ons of the 
va r i ous e l ements  range f rom a h i gh of 1 000 pa rts  pe r 
m i l l i on to a l ow o f  0 . 004 pa rts  pe r m i l l i o n .  I f  these 
e l ement s  a re g rouped accord i ng to the i r  ave rage con
cen t ra t i ons , 6 e l ements  average l ess  than 1 pa rt pe r 
m i l l i on ,  1 2  e l ements  range between 1 - 5 parts  pe r 
m i l l i o n ,  1 1  e l ements range between 5- 1 00 pa rts  per 
m i l l i on ,  and one e l ement , ba r i um ,  averages more than 
300 parts  per m i l l i on .  

W i th the except i on o f  z i nc , wh i ch averages 
1 7 . 9  pa rts  per m i l l i on ,  the more common meta l s-
copper ,  coba l t ,  n i ckel , and l ead--a l l  occur  i n  con
cen t ra t i ons  rang i ng f rom 1 - 5 parts  per mi I l i on .  Wh i l e 
the potent i a l l y  dange rous e l ements , a rsen i c  and mo l yb
denum , a l so average 1 - 5 pa r t s  per m i l l i on ,  se l en i um ,  
cadm i um ,  and me rcu ry norma l l y  occu r i n  concen tra t i ons 
of l ess  than one pa r t  per m i l l i on .  

Based on these 48 pub l i shed ana l yses , Tert i a ry 
coa l s  i n  Wyom i ng appea r to con ta i n  h i gher concentra t i ons 
of 26 of these t race e l emen ts than do the C retaceous 
coa l s .  On l y  boron , be ry l l i um ,  f l uo r i ne ,  and german i um 
are h i gher i n  the C retaceous  coa l s .  
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Average trace element concentrations in 48 Wyoming 
coal samples in parts per million 
on a whole-coal basis (Glass. 1 975) 

ELEMENT AVERAGE ELEMENT AVERAGE 

Ba r i  um 300 Ga l l i um 3 
S t ront i um 1 00 Arsen i c  < 3 
Boron  70 Lead < 3 
F l uor i ne 70 Tho r i  um 2 . 7  
Cer i um <20 Coba l t  2 
Z i nc 1 7 . 9  Germa n i um < 2  
Vanad i um 1 5  Neo b i  um 1 . 5 
Z i rcon i um 1 5  Scand i um 1 . 5  
Neodym i um  < 1 5  Mo l ybdenum 1 . 0 
Copper 8 U ra n i um < 0 . 9  
C h rom i um 7 Se l en i um < 0 . 8  
Lan thanum < 7 Y t terb i um 0 . 5  
N i cke l 5 Ant i mony < 0 . 4  
Y t t r i um 5 Cadm i um < 0 . 1 5  
L i t h i um 4 . 6  Me rcu ry 0 . 1 0 
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�AGOONAL ORIGIN OF COALS 

N THE ALMOND FORMATION 

IN THE ROCK SPRINGS UPLIFT, WYOMING 

. IENRY W. ROEHLE R : U.S. Geological Survey 
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�.BSTRACT : The Rock Sp r i ngs u p l  i ft i n  sou t hwe s t  Wyom i ng i s  a dou b l y- p l ung i ng asymme t r i c  an t i c l  i ne of La ram i de 
ge . The A l mond Forma t i on and other  coa l -bea r i ng forma t i ons of La te C retaceou s age are  exposed on the f l a nks of 
he up 1 i ft . 

The A l mon d  Forma t i on I s  mos t l y  g ray sand s tone , g ray sha l e ,  g ray and b rown ca rbonaceous sha l e ,  th i n  beds 
f coa l , and m i nor th i n  beds of g ray s i l t s tone a nd do l om i te .  I t  i s  850 f t  ( 259 m )  th i ck o n  the east f l ank ,  but  
h i ns and i s  mi ss i ng i n  p l a ces on the  wes t  f l ank because of Late  C re taceous eros i o n .  D i nosau r ,  c rocod i l e ,  t u r t l e ,  

" nd f i sh foss i l s  co l l ected f rom the l owe r 200 f t  ( 6 1  m )  of the forma t i on i nd i cate depos i t i on i n  f reshwa te r ;  oys ters 
' nd other mo l l usk fos s i l s co l l ec ted f rom the m i dd l e  350 f t  ( 1 07 m) of the forma t i on i nd i ca te d epos i t i on i n  brack i sh  
ater ; and shark  teeth and  cepha l opod fos s i l s  co l l ected f rom the  upper  300  ft  (9 1  m) of the  forma t i on i nd i cate de
os i t i on in sa l twa ter . The env i ronmen ts of depos i t i on fo r these fos s i l  i nterva l s  a re i n terpreted as coa s t a l  swamp , 
agoon , and m i xed ba r r i e r  ba r ,  l agoon , and ma r i ne ,  respec t i ve l y .  Sed i menta ry s t ructu res perm i t  furthe r  subd i v i s i on 

" f  the ba r r i e r  ba rs i nto l ower shoreface, m i dd l e  s ho reface , uppe r s horeface , sand dune , washove r ,  and f l ood de l ta 
epos i ts .  A mode l  for the depos i t i ona l env i ronments  dep i c ts a ma r i ne coa s t l  i ne whe re l agoons formed beh i nd ba r r i er 
�rs dur i ng wes twa rd t ransgres s i ons of a Late C re taceous sea . Ev i dence of a l agoona l o r i g i n  of coa l beds i s  pro
ided by the i ntertongu i ng and  J uxtapos i t i on of the coa l beds and the ba r r i e r  bars , and by the presen�e of foss i l  
',ster beds wi th i n  coa l -bea r i ng sequences . 

E i ghteen beds of coa l , rang i ng i n  th i ckness f rom 2 . 5  to 1 6  f t  ( . 8 to 4 . 9  m) , have been ma pped i n  the 
l mond Forma t i on .  Few of  these can be co r re l a ted extens i ve l y  as  they characte r i s t i ca l l y  s p l i t  or  wedgeout  a l ong 

. Herops . A l mond coa l s  have l e s s  than 1 percent su l fu r ,  hea t i ng va l ues f rom 8 , 800 to 1 0 , 850 Btu/ l b ,  and a re 
" : � nked as subb i tum i nous C to subb i tum i nous A .  The es t i ma ted m i neab l e  coa l resou rces are  nea r l y  6 b i  1 1  i on sho r t  
� Jns . Between 5 and 1 0  percent of the coa l i s  be l i eved recove ra b l e  by s t r i p-m i n i ng .  La rge l y  i g nored i n  the pas t ,  
'·· ·Ja l s  of lagoona l or i g i n  i n  the A l mond Fo rma t i on a re a va s t ,  u ndeve l oped energy resou rce . 

I· NTRODUCT I ON �. 
The Rock S p r i ngs  u p l i f t i s  l oca ted i n  sou thwes t  

yom i ng ,  a few m i l es nor t h  o f  the common bou ndary of 
yom i ng ,  Co l orado , and U tah . The upl i ft i s  about 60 mi 
96 km) l ong and 40 m i  ( 64 km) w i d e .  I t  i s  bounded on 

� he west by the G reen R i ve r  bas i n , on the nor thea s t  by 
he Great D i v i de bas i n ,  and on the sou thea s t  by the 
�shak i e  bas i n  ( F i g .  1 ) .  The u p l  i ft i s  a no rth-south 
rend i ng ,  doub l y  p l u ng i ng ,  asymmet r i c  an t i c l i ne of  
�ram i de age . D i ps on t he s teep wes t l i mb are  u s ua l l y  
etween 1 0 °  and 1 5° .  D i ps on the eas t  1 i mb a re usua l l y  
, to 8° . The A l mond Fo rma t i on and other coa l -bea r i ng 
Jrmat ions of Late C re taceous age are exposed on t he 
lanks of the u p l i ft .  The A l mond Forma t i on i s  850 f t  
Z59 m )  th i c k  on t h e  eas t  f l ank  of t h e  u p l  i f t ,  but  i t  
, i ns  and i s  m i s s i ng i n  p l aces on  the wes t f l an k  be
!use of Late C retaceous e ros i on .  Ou tc rops of the 
l rma t i on on the eas t  f l an k  are broken up i n  p l aces 
I h i gh-ang l e  fau l ts .  Coa l s  i n  the A l mond Forma t i on 
'e par t l y  i n terbedded w i t h  fos s i l  oyster  beds and a re 
!rt ly  i n tertongued w i th and l ate ra l l y  equ i va l en t  to 
l r r ier  ba rs , wh i ch p rov i de ev i d ence that  t hey a re of 
IgOona 1 or i g i n .  
76 Symposiwn on tha GeoZogy 
. Rocky Mountain CoaZ, p .  85-89 8 5  

STRAT I GRAPHY 

Depos i t i ona l envi ronmen ts i n  t he A l mond Forma
t i on a re eas i l y i nterpreted f rom the 1 i th o l og i es and 
fos s i l  occu r rences i n  a mea s u red sec t i on l ocated i n  
the southea s t  pa r t  of the Rock Spr i ngs u p l  i f t ,  l abe l ed 
mea s u red sect i on A on F i gu re 2 .  The A l mond Forma t i on 
i n  mea s u red sec t i on A i s  I i ght-g ray very f i ne g ra i ned 
sands tone , i nterbedded g ray s ha l e ,  g ray and b rown 
ca rbonaceous sha l e ,  a nd coa l , w i t h  m i no r  th i n  beds of 
g ray do l om i te a nd s i l ts tone . Fos s i l s  col l ected f rom 
the sec t i on i nc l ude d i nosa u r ,  c rocod i l e ,  t u r t l e  and 
f i sh bones f rom the l ower pa r t ,  oys ters  and  s na i l s  f rom 
the m i dd l e  pa r t ,  and shark teeth  a nd cepha l opods f rom 
the upper part . The fos s i  I s  and l i t ho l og i es sugge s t  
that t h e  l ower 2 0 0  f t  ( 6 1  m )  of t h e  sect i on we re de
pos i ted i n  f reshwater coa s ta l swamp env i ronmen t s ;  the 
m i dd l e  1 50 f t  (46 m) of the sect i on were depos i ted i n  
brack i sh wa ter l agoona l envi ronmen t s ; and the  upper 
500 f t  ( 1 52 m) of the sec t i on were depos i ted mos t l y  i n  
sa l twa ter i n  ba r r i e r  ba r and sha l l ow ma r i ne env i ron
men ts . F i f teen beds of coa l , rang i ng i n  t h i ckness f rom 
l es s  than 1 ft ( 0 . 3  m) to mo re than 6 ft ( 1 . 8 m) , a re  
p resent i n  mea s u red sect i on A .  The  coa l s  a re concen-
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F i g .  1 .  Map s how i ng the l oca t i on of t he Rock Spr i ng s  u p l i ft i n  sout hwes t  Wyom i ng .  

t ra ted i n  l agoona l env i ronments o f  depos i t i on ( F i g .  2 ) . 
A mod e l  for depos i t i ona l env i ronment s , F i gure 3 ,  

dep i cts a coas t l i ne where l agoons  formed beh i nd ba rr i er 
bars . Coa s ta l  swamps were p resent i n  l andwa rd d i rect i ons 
from the l agoons .  Sed i mentary s t ructu res perm i t the 
further subd i v i s i on  of the barr i er bars i n to l ower 
shoreface , m i dd l e  shoreface , uppe r shoreface , dune , 
was hover ,  and f l ood-de l ta sands tone depos i ts .  Coa l s  
formed i n  the swampy pa rts  of l agoons a nd i n  swamps 
that  deve l oped on back ba r r i er f l a ts . As La te C retaceous 
seas advanced f rom eas t  to wes t  across the a rea of 
mea s u red sec t i on A, the env i ronments  of depos i t i on ,  
s hown on F i gu re 3 ,  m i g ra ted wes twa rd .  Hence , i n  t he 
ve rt i ca l  succes s i on of rocks i n  measu red sec t i on A ,  
s hown o n  F i g u re 2 ,  ma r i ne rocks ove r l i e  ba r r i e r bars , 
ba r r i e r  bars over l i e  l agoons , and l agoons ove r l  i e  
coa s ta l swamps . 

The env i ronments of depos i t i on i n terpreted i n  
mea s u red sect i on A can be co rre l a ted w i th other mea
su red sec t i ons of the A l mond Forma t i on i n  the Rock 
S p r i ngs u p l i f t .  The loca t i on of 8 measu red sec t i ons i n  
the eastern  pa rt of the u p l i f t a re shown on the upper 
part of F i g u re 4. The env i ronme n t s  of depos i t i on i n  
these sect i ons  a re s hown on a restored cross sec t i on i n  

the l ower part o f  F i gure 4 .  Note t ha t  measured section 
3 on the cross sec t i on i s  the same as  measured sect ion A, 
The ascend i ng succes s i on of env i ronments of depos i t i on 
i n  a l l 8 sect i ons  i s  pers i s ten t l y  coas ta l swamps, la" 
goons , ba r r i e r  bars , and ma r i ne s ha l es . 

The env i ronments  of depos i t i on for one per i od 

of t i me i n  the A l mond Fo rma t i on a re i nd i ca ted by a 
dashed l i ne l a be l ed t i me l i ne G on F i gure 4 .  A p a l eo" 

geograph i c  map tha t i n te rp rets  the envi ronments of 
depos i t i on a t  t i me l i ne G i s  shown on F i gure 5 .  As i n" 

d i cated on F i g u re 5 ,  rocks a l ong the eastern edge of the 
u p l i ft we re depos i ted i n  a ma r i ne env i ronment .  A 
ba r r i e r  ba r c rossed the southea s t  and northeast parU 
of the UP I i f t .  Ma r i newa rd pa rts  of the exposed barr ier 

ba r a re shown by f i ne s t i pp l  i ng .  Sand dunes s i tua ted 
upon the ba r r i e r  bar  a re shown by coa rse s t i pp l i ng . 
The back ba r r i e r  f l a t  i s  cove red by a swamp . Pro
t rud i ng t h rough the back ba r r i e r  f l a t  swamp i n  p laces 
a re fan-shaped was hover sands tones . I n the southeast 
part  of the u p l i ft ,  a t i d a l  channe l c rossed the ba r r i er 

ba r ,  and a f l ood de l ta was present  where the t i dal 
channe 1 entered the l a goon . The I agoon  had some open 

wa ter , bu t i t  was part l y  b rack i s h wa ter  ponds and em" 
bayments between wh i ch were a reas of sa l t  ma rshes a� 



o 10 M I L E S 
fl--------r-I ---,I 6 10 KM 

COALS IN ROCK SPRINGS UPL I FT ,  WYOM ING 

S E C T I O N  A SHOW I N G S E C T I O N  A SHOW I N G 
COA L T H I C K N E S S ( I N  F E ET) D E PO S I T I O N A L 

A N D  FOS S I L S  E N V I R O N M E N T S  

�.�BARR I E R  B A R  SEQUENCE 

iii MAR INE 

S T E R S  

LAGOONAL 
BARR I E R  BAR SEQU E N C E  

_1IiIIIIJ(;:7- LAGOONA L  
R I E R  B A R  SEQU E N C E  

GOONAL 
RRIER BAR SEQU E N C E  

MAR I N E  
LAGOONA L  

BARR I E R  B A R  SEQUENCE 5 "" ":"" " "" "'i' -OYST E R S  : t�li����YS T E R S .  S N A I L S  

o .  S T E R S  O .  
4 .  

MET

J
�ES �EET 

100 

��;-DINOSAU R ,  T U R T L E ,  
CROCOD I L E  A N D  
F I S H  BON E S  

LAGOONA L  

L I T H O L O G Y  

[§§J � � 
SAN D S TON E S HA L E  CA RBON A C E O U S  

S H A L E  

� 
COAL 

F i g .  2.  L i tho l og i es , fos s i l  l oca l i t i es and  depos i t i ona l env i ronmen t s  in  mea s u red sect i on A of t he A l mond For
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� i g .  3 .  Mod e l  for depos i t i ona l env i ronmen t s  of rocks depos i ted i n  t he A l mond Forma t i on i n  the  Roc k S p r i ngs upl i f t .  
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F i g .  4 .  C ross  s ec t i on of the A l mond Fo rma t i on i n  the Rock S p r i ngs  u p l i ft s how i ng the  depos i t i ona l envi ronments  
in  8 meas ured sect i on .  The l ocat i on s  of t he measured sec t i ons a re i nd i cated on the map above . 

F i g .  5 .  P a l eogeog raph i c  map of the A l mond Forma t i on 
i n  t he Rock S pr i ng s  u p l  i ft a rea a t  t ime l i ne G .  
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F i g .  6. O u tc rops of  the A l mond Forma t i on in the Rock 

Spr i �gs up l  i ft show i ng t he l ocat i ons  of 1 3  measured 
sect I on s .  The number i n  brackets  adj acent to each 
se:t i on i nd i ca tes coa l beds more t han 2 . 5 f t .  ( . 8m) 
t h I ck .  The und e r l y i ng number i s  t he cumu l at i ve net 
t h i ckness of coa l i n  the  beds s hown i n  brackets .  
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swamps .  The  sa l t  ma r s hes  and swamps me rged , p roba b l y  
a lwost i mpe rcep t i b l y ,  i n  the l andwa rd d i rect i on i n to 
coas ta l swamps . A maj o r  - r i ve r  may have en tered the 
lagoon from the no rthwes t ,  as dep i cted on F i gu re 5 .  

E i gh teen beds o f  coa l , rang i ng i n  th i ckness 
from 2 . 5- 1 6  f t  ( 0 . 8- 4 . 9  m)  have been ma pped i n  the 
A lmond Forma t i on i n  the Rock S p r i ngs u p l i ft .  Few of 
these beds can be co r re l a ted extens i ve l y  becau s e  they 
character i s t i ca l l y  s p l i t  o r  wedge out  a l ong outcrops . 
F igure 6 shows the number and cumu l a t i ve net t h i ck
ness of coa l i n  beds tha t a re more than 2 . 5  f t  ( 0 . 8  m) 
th ick in 1 3  mea s u red sect i ons . The data i nd i ca te that  

, the southeas t  and southern par ts of the up l i f t  conta i n  
the most coa I .  

Coa l has been m i ned i n  the A l mond Fo rma t i on 
in two p l aces on the Rock S p r i ngs  u p l i f t .  The f i rs t  
m ine was opened o n  t he east  f l ank  o f  the up l i f t  nea r 
Po int  of Rocks i n  1 868 , a t  the t i me tha t the Un i on 
Paci f i c  Ra i l road was bu i l t  across  sou thern Wyom i ng 
(Schu l tz ,  1 908 , p .  230) . I t  opera ted for about one 
year and was aba ndoned i n  1 86 9 .  A second m i ne ,  the 
No . 6 m i ne ,  was opened at the C i ty of Rock S p r i ngs 
in 1 882. I t operated for 4 yea rs and was abandoned 
in 1 886 . The coa l f rom these m i nes ana l yzed 0 . 2  to 
0 . 9  percent s u l fu r ,  46 to 5 1  percen t f i xed ca rbon , 

3 to 6 percent ash , w i t h  hea t i ng va l ues between 8 , 800 
and 1 0 , 850 B t u/ l b .  The coa l ranks f rom subb i tum i nous 
C to s u b b i tum i nous A .  

M i neab l e  coa l resou rces i n  the A l mond Forma t i on 
i n  the  Rock S p r i ngs u p l i ft a re es t i ma ted to be 5 , 650 
m i l l i on short  tons i n  beds mo re than 2 . 5  ft  ( 0 . 8  m) 
t h i ck under l ess  than 3 , 000 ft  ( 9 1 4  m) of overbu rden . 
F i ve to 1 0  pe rcent of t h i s  resou rce i s  pos s i b l y  re

,covera b l e  l oca l l y  by s t r i p  m i n i ng .  
Coa l i s  not m i ned i n  the A l mond Forma t ion  

p resen t l y  for  two reasons : ( I )  the coa l has a l ower 
hea t i ng va l ue than other Upper C retaceous coa l s  now 
be i ng m i ned underg round i n  the v i c i n i ty of the C i ty 
o f  Rock S p r i ng s ;  a nd (2 )  the A l mond coa l s  a re th i n ,  
w i de l y  s paced , d i p  a m i n i mum of 5° , and fo r the mos t 
pa r t  are  not recove rab l e  by s t r i p  m i n i ng .  Neve rthe
l es s ,  the A l mond coa l s  comp r i se a vas t undeve l oped 
energy resou rce i n  sout hwes t  Wyom i n g .  

RE FERENCE C I TED 

Schu l tz ,  A . R . , 1 908 , The southern pa r t  of the Rock 
S p r i ngs coa l f i e l d ,  Sweetwa ter Coun ty , 
Wyom i ng :  U . S .  Geo l . Su rvey B u l l .  3 8 1 , 
p t .  2 ,  p .  2 1 4-28 1 . 
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Underg round coa l m i ne ,  F remon t Cou n ty , Co l orado (Ve rmejo 
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GEOLOGY OF THE TONGUE RIVER MEMBER , 

FORT UNION FORMATION OF EASTERN MONTANA 

ROBERT E. MATSON : Montana Bureau of Mines and Geology 
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ABSTRACT : The Tongue R i ve r  Member of the Fort  Un i on Forma t i on conta i ns the l a rges t pa r t  of the Nat i on ' s  l ow
su l fur  coa l resou rces . The For t  Un i on i s  Pa l eocene i n  age . I n  Mon tana , i t  has been d i v i ded i n to three members : 
the Tu l l ock ( l owes t ) , t he Lebo ( m i dd l e) , and the Tongue R i ve r  (uppe r ) . The s t ra t i g raph i c  re l a t i ons of the 
members are d i scus sed and compa red to s i m i l a r  sec t i ons i n  North Dakota . 

The maj o r  coa l beds of cu r rent econom i c  i nteres t i n  the Tongue R i ver Member a re descr i bed cor re l a ted 
and cha racter i zed . These i nc l ude the Ande rson , D i etz , Canyon , Wa l l ,  Knob l och and Rosebud coa l beds i n south-

' 

eas tern Montana , and the Pus t coa l bed i n  eas tern  Mon tana . 

I NTRODUCT I ON 

Vast amounts  of l ow- s u l f u r  coa l make the For t  
Un ion Forma t i on one o f  t h e  mos t  i mportant  coa l - bea r i ng 
un i ts i n  the cou n t r y .  As a resu l t , workers have be
come more i n teres ted i n  th i s  comp l ex un i t ,  and deta i l ed 
work i s  beg i nn i ng .  Th i s  paper i s  des i gned to present 
an overv I ew of wha t i s  known about t h i s  un i t ,  and to 
st imu l a te further deta i l ed s tud i es of t h i s  i mportant  
but neg l ected sequence . Because of the b road s cope of 
th i s  report , much of the more deta i l ed i nforma t i on has 
been om i tted ; however ,  a comprehens i ve l i s t  of refer
ences is prov i ded . F i gu re I s hows t he geog raph i c  l oca
ti on of the For t  Un i on Forma t i on i n  Mon tana , Wyom i ng ,  
and the Dakotas . 

Many of the coa l f i e l ds were descr i bed and 
mapped in ea r l y  U . s .  Geo l og i ca l  Su rvey reports . A s ub
ject of con t roversy among ear l y  workers wa s the p l ace
ment of the C retaceous - Pa l eocene bou nda ry . A l though 
the maj or po i nts have been fa i r l y  we l l  reso l ved , the 
work is  fa r f rom comp l eted . The maj o r  po i nt s  of the 
h i story of the bounda ry p rob l em w i l l  be d i scussed here . 
More deta i l s  a re conta i ned i n  an account  by B rown ( 1 962) . 

After a rev i ew of the For t  Un i on Forma t i on as  
a who l e ,  the i mpor tant  coa l bed s i n  the Tongue R i ve r  
Member w i l l  be d i scussed . T h e  s t ra t i g raph i c  re l a t i on
sh i ps ,  a rea l exten t ,  a nd chem i ca l  a na l yses of the Ander
son , D ietz , Canyon , Wa l l ,  Knob l oc h ,  Rosebud , and Pus t 
coa l beds wi I I  be s umma r i zed . 

H I STORY OF THE C RETAC EOUS- PALEOCENE  BOUNDARY 

The h i s to ry of the sepa ra t i on of the For t  
Un ion Format i on f rom the Uppe r C re taceous has been 
presented by R . W .  B rown ( 1 962 ) . Hayden ( 1 86 1 )  f i rs t  

1976 Symposium on the Geology of Rocky Mountain Coal, p. 91- 1 1 4  91 

named the coa l - bea r i ng rocks of the Rocky Moun ta i n  and 
Great P l a i ns reg i ons the "G rea t L i gn i te" g roup ,  from 
f i e l d  work he a nd h i s  co l l eagues undertook i n  1 854 and 
the yea rs fo l l ow i ng .  The g roup wa s renamed the Fort  
Un ion  g roup by  Meek and Hayden ( 1 862 ) . D i nosau r  foss i l s 
co l l ected f rom va r i ou s  l oca l i t i es i n  the l owe r pa rt  l ed 
workers to ag ree on a C retaceous  age for at l ea s t  the 
l ower pa r t .  P l ant  fos s i l s  co l l ected f rom the upper 
pa rt  were i den t i f i ed as Te rt i a ry by Newbe rry ( 1 868) . 
Th i s  was the f i rs t  i nd i ca t i on that the Cretaceou s
Pa l eocene contact wa s somewhere w i th i n  the Fort  Un i o n .  

Newberry ' s  wo rk ca used much cont roversy . Most 
pa l eobota n i s ts  d i d  not be l i eve tha t the f l o ras  of the 
uppe r and l ower For t  Un i on cou l d  be d i s t i ngu i s hed . 
Newberry ( 1 890) i ns i s ted that  they cou l d  be and s tuck 
to h i s  ea r l y  conc l us i ons . 

Stanton and Know l ton ( 1 897) d i ffe rent i a ted the 
Lance Fo rma t ion ( Uppe r C retaceou s ) , wh i ch con ta i ned 
d i nosa u r  fos s i l s ,  f rom the ove r l y i ng For t  Un i on Forma
t i on ,  wh i c h  d i d  not , i n  the Lance C reek a rea of Wyom i ng .  
The For t  Un ion was subd i v i ded on the bas i s  of co l o r .  
Beg i nn i ng w i t h  the o l dest , these subd i v i s i ons we re 
named the He l l  C reek Member (da rk) ; Tu l l oc k  Member 
( l i g ht ) ; Lebo Member (da rk) ; Tongue R i ve r  Member ( 1  i gh t ) ; 
and the Sent i ne l  Butte  Member (dark) . Eastwa rd f rom 
M i l es C i ty ,  Montana , the co l o r  d i f fe rences become very 
hard to recogn i ze .  For t h i s  reason , i n  eas tern Mon tana 
and  the Dakotas the Tu l l ock and Lebo have been p l aced 
together  to fo rm the Lud l ow Membe r .  

Ba rnum B rown ( 1 907)  named the H e l  I C reek bed s 
f rom the type a rea north of Jordan , Monta na , and cor re
l a ted them w i th the Lance Forma t i on i n  Wyom i ng ( 1 9 1 4 ) . 
He p l aced the Mesozo i c-Cenozo i c  boundary between the 
He l l  C reek and Tu l l ock Members . 

Knowl ton ( 1 909) d i v i ded t he sequence above the 
Fox H i l l s  Sands tone i n to the upper and  l ower For t  Un i on .  
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NORTH 
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F I GURE I .  Out c rop of t h e  Fort Union For m a t ion,  inc luding 

some areas covered by younger str a t a  

H i s  upper d i v i s i on co rresponds to the present Tongue 
R i ve r  Member ,  and  h i s  l ower w i th the presen t H e l l C reek , 
Tu l l ock,  and  Lebo Members . He d i d  not d i s t i ngu i s h the 
f l ora of the He l l Creek and the corre l a t i ve Lance f rom 
tha t of the over l y i ng bed s . He d i d  not d i fferen t i ate  
between the  He l l  C reek and Lebo , and he  a l so fa i l ed to 
rea l i ze that  the Tu l l ock occurred between t hem . H i s  
conc l us i on s  fu rther de l ayed the reso l u t i on of the boundary 
prob l em .  

P I  a c  i n g  o f  the C retaceous - Pa 1 eocene boundary was 
he l ped by the d i scovery of mamma l fos s i  I s  i n  severa l 10· 
cat i ons  i n  the beds above the d i nosaur-bea r i ng strata .  
Th i s  i nforma t i on was summa r i zed by S i mpson ( 1 937) , w� 
pub l i shed a cha r t  p l ac i ng the con tact between the Hel l 
C reek and wha t he ca l l ed the " 13ea r" bed s . He rega rded 
the "Bea r" bed s as equ i va l en t  i n  pa r t  to the Tu l lock or 
l owe r For t  Un i on i n  the C razy Mou n ta i ns a rea . R . W .  
Brown ( 1 962)  con f i rmed tha t S i mpson ' s  "Bea r" be l onged 
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� to the Ter t i a ry and tha t  the contact between i t  and the 
He l l  Creek ma rked the C re taceous-Pa l eocene bound a ry .  

Leonard ( 1 907) f i rs t  d i scovered the oys te r  beds 
of the Cannonba l l  Ma r i ne Member ,  wh i ch was f i rs t  thought 
to be of Cretaceous age ( S ta n ton , 1 9 1 4 ,  1 92 1 ) .  The 
Cannonba l l  was found i nterf i ng e r i ng w i th the Lud l ow ,  
however ,  wh i ch was rega rded as  Ter t i a ry . Th i s  r e l a t i on-

_ sh i p ,  comb i ned w i th the l ack  of ammon i tes , p l aced t he 
Cannonba l l  i n  the Ter t i a ry . Fox and  Ros s  ( 1 940,  1 942) 
found foram i n i fera l ev i dence for the Pa l eocene age of 
the Cannonba 1 1  . 

The Sen t i ne l  Butte  Member was f i rs t  descr i bed 
by Leonard and Sm i th ( 1 909) i n  western  North  Dakota . 

r Thorn and Dobb i n  ( 1 924) rega rded i t  as Wasatch i n  age,  
I but l ater pa l eonto l og i ca l  ev i dence ( R . W .  B rown , 1 948b) 

p l aced the u n i t  i n  the upper part  of the For t  Un i o n .  

-

,ne w,i 
in l:' 

arili' 
n lill 
t� ' 

I n  1 9 1 2 ,  Ca l ve r t  a pp l i ed the f i rs t  p rac t i ca l  
formu l a  for l oca t i ng t he Mesozo i c- Ce nozo i c  bound a ry . 
Wh i l e work i ng i n  the v i c i n i ty of G l end i ve ,  Mon tana , he 
found the l ates t d i nosaur  rema i ns j us t  be l ow the 
"lowest pers i stent bed of l i gn i te . "  A co l o r  change f rom 
the dark He l l  Creek to  the 1 i gh t  Tu l l ock a l so takes 
p l ace l oca l l y  a t  th i s  l eve l . 

Th i s  re l a t i on can be eas i l y detected and ma pped 
throughout mos t  of t he For t  U n i on ( R . W .  B rown , 1 962) . 
Th is conc l us i on has been supported by l a ter  pa l eonto l og i 
ca l evi dence . Dorf ( 1 940,  1 942) d i s t i ng u i s hed ma rked 
flora l changes acros s the Lance- For t  Un i on boundary , 
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wh i ch had not been detected by Know l ton . H i s  work 
supported tha t  of Newber ry a nd Ca l ve r t . Tschudy ( 1 970) 
a nd Leff i ngwe l l ( 1 970) both obse rved pa l yno l og i ca l  change 
acros s th i s  bou nda ry . The con tact i s  gene ra l l y ma rked 
by l i tho l og i c  and co l or changes that  become more appar
ent w i th fami l i a r i ty ( R . W .  B rown , 1 962 ) . 

PALEOC ENE-EOCENE CONTACT 

I n  t he Powder  R i ve r  bas i n  of Mon tana and  
Wyom i ng ,  the Wasa tch ( Eocene)  over l i es the For t  Un ion . 
The Wasatch cons i s t s  of cong l omera te ,  sands tone , c l ay
s tone , s ha l e ,  and coa l seams . The s t ra ta resemb l e  those 
of the Pa l eocene bu t tend to be more sandy and va r i 
co l ored and  conta i n  l es s  coa l . The Wasa tch conta i ns a 
fos s i l i ferous zone as much as 30 f t  t h i ck about 30 f t  
above t h e  Ro l a nd coa l bed . 

Denson and  Ch i s ho l m  ( 1 97 1 )  s tud i ed heavy
m i nera l d i s t r i bu t i ons  i n  the Tert i a ry and found ma rked 
con t ra s t  i n  m i ne ra l  concentra t i ons acros s the bou ndary . 
I n  the Pa l eocene rocks , tou rma l i ne and p i nk i sh-v i o l et 
z i rcon p redom i na te . I n  the l owe r Eocene rocks , ep i dote , 
b l ue-g reen horn b l ende , and garnet a re mos t  abundan t .  
The contact i s  genera l l y ma rked by l i t ho l og i c , fauna l ,  
f l ora l , a nd m i nera l l c  changes over w i de a reas . A l 
though cer ta i n  coa l beds may co i nc i de w i th the boundary 
i n  some a reas , l i tho l og i c  and m i nera l i c  changes a re 
more re i i ab l e  I n  se l ect i ng the contact ( Denson and 
Ch i s ho l m ,  1 97 1 ) .  

I n  North Dakota , the Fort Un i on I s  g rada t i ona l 
i nto t he Go l den Va l l ey Forma t i on ( Eocene) i n  some area s . 
I n  other a reas i t  i s  d i sconformab l y  ove r l a i n  by the 
Wh i te R i ver Forma t ion  (01 i gocene) ( Royse , 1 967) . 

FORT UN I ON DEPOS I T I ON I N  THE L I V I NGSTON AND BULL 
MOUNTA I N  AREAS 

L i v i  ngs ton Area 

The ea r l i es t  depos i ts of the For t  Un i on Forma
t i on a re found i n  the L i v i ngs ton a rea of Montana . The 
For t Un i on conformab l y  ove r l i es the L i v i ngs ton Group 
and cons i s ts  of sands tone and cong l omerate i nterbedded 
wi th  s i l t s tone a nd mud s tone . Th i s  l i thol ogy d i ffers 
f rom that of the under l y i ng L i v i ngston Grou p .  The 
Fort Un i on sed i ments  were der i ved from sed i mentary and 
metamorph i c  rocks , whereas t he L i v i ngston Group was 
vo l ca n i c  i n  or i g i n .  Th i s  1 i tho l og i c  d i fference (and 
the l a rger g ra i n  s i ze i n  the Fort Un i on )  sugges t s  that 
i ts sou rce was c l oser than tha t of the L i v i ngs ton 
G rou p ,  probab l y  f rom the B r i dger Up l i f t  ( Roberts , 1 972) . 

Based on tecton i c  and pa l eonto l og i ca l ev i dence , 
Roberts  ( 1 963 , 1 96 5 ,  1 972)  p l aced the basa l pa rt of 
the Fort Un i on i n  the C re taceous and the upper part  i n  
t he Pa l eocene .  

Bu l l  Mounta i n  Bas i n  

Eas twa rd from the C razy Mounta i ns bas i n ,  the 
For t  Un i on Forma t i on g rades i n to wha t m i gh t  be ca l l ed 
typ i ca l  For t  Un i on sandston e ,  s i l t s tone , c l ays ton e ,  
sha l e ,  a nd coa l bed s .  The Bu l l  Mou n ta i ns form a b road 
sync l i na l  bas i n  tha t  f l at tens to nea r l y  hor i zonta l i n  
the eas t  and sou t h .  I t extends t o  t h e  north  as  two 
fo l ds .  Shu r r  ( 1 972)  s t ud i ed pa l eocu rrent  i nd i ca tors  
I n  the Tongue R i ve r  Member a nd not i ced a genera l de-
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c rease i n  t h i cknes s and g ra i n  s i ze to the eas t ,  i mp l y i ng 
a western  sou rce . 

I ND I V I DUAL MEMBERS OF THE FORT UN I ON 

The For t  Un i on Forma t ion  has been subd i v i ded 
i n to members . I n  Montana t hey are ,  f rom o l dest  to 
younges t ,  the Tu l l ock , Lebo , and Tongue R i ve r  Members . 
I n  wes tern  North Da kota t hey a re termed the Lud l ow ,  
Tongue R i ve r ,  a n d  Sent i n e  I Butte Membe rs . I n western  
Nor t h  Dakota t hey a re refer red to as  t he Lud l ow ,  Cannon
ba l l ,  and Tongue R i ve r  Member s  ( F i g .  2) . 

Tu l l ock Member 

The Tu l l ock cons i s t s  genera l l y of l i ght-co l o red 
sands tone , sandy s ha l e ,  carbonaceous sha l e ,  s i l ts tone ,  
c l ay ,  and mud s tone , together  w i th numerous t h i n  i mpure 
coa l bed s . The type sect i on i s  i n  the Tu l l ock C reek 
a rea of Mon tana ( Rogers  and Lee , 1 923) . Mos t  of the 
o l de r  reports  t rea ted the Tu l l ock  as  the u pper membe r 
of t he Lance and H e l l C reek . The base of the Tu l l ock 
i s  def i ned as the "f i r st  pers i s tent bed of l i gn i te" 
above the d i nosau r-bea r i ng bed s of the C retaceous ( Ca l 
ve rt , 1 9 1 2 ) . The contact  w i t h  the Lebo i s  ta ken to be 
the base of the "B i g  D i rty" coa l bed . Over much of i ts 
exten t ,  the top of the Tu l l ock  i s  ma rked by a res i s tant 
bed of ca l ca reous sands tone o r  s i l t s tone . Th i s  bed 
prov i des a recogn i za b l e  con t ra s t  to the eas i l y  weathe red 
basa l sha l e  of t he Lebo . I n  fa r eas tern  Mon tana and 
the  Da kota s ,  the res i s ta n t  ca p of the Tu l l ock  i s  absen t , 
and the contact w i th the Lebo i s  d i f f i cu l t  to observe 
i n  the f i e l d .  I n  these a reas , the Tu l l ock and Lebo 
comb i ned a re ma pped as the Lud l ow .  Ga rrett  ( 1 963) be-
I i eved that  the Tu l l ock  deve l oped i n  a coas ta l p l a i n  
env i ronmen t .  

Lebo Member 

The Lebo cons i s ts  genera l l y of a dark sequence 
of sha l e ,  mud s tone , ca rbonaceous sha l e ,  s i l ts tone , 
a r g i l l aceous sand s tone , and  I i gn i te .  Channe l  sand
s tone bod i es i n  the Lebo wea ther  to a I i gh t  co l o r ,  i n  
con t ra s t  w i th the rest  of the member .  I n  the C razy 
Mou nta i ns a rea , the Lebo i s  composed ma i n l y  of andes i t i c  
sand s tone . 

The base  of the Lebo Member has been ' p l aced a t  
the base o f  the "B i g  D i r ty" coa l bed . More recen t l y ,  
a u t hors  (Ga r re t t ,  1 963 ; Gerha rd , 1 967)  have sugges ted 
that  the res i s tant  sand s tone ma rk i ng the top of the 
Tu l l oc k ,  be l ow the " B i g  D i rty , "  forms a better def i ned 
bou nda ry . The upper contact w i th the Tongue R i ve r  Mem
ber i s  genera l l y  based on co l o r  cha nges . I n  many p l aces , 
the d a rk Lebo con t ra s t s  s t rong l y  w i t h  the l i gh t  Tongue 
R i ve r .  Based o n  co l o r  change s ,  the Lebo t h i ns eas twa rd 
towa rd Te r ry ,  Mon tana . Ga r re t t  ( 1 963 )  t hought  the 
s upposed t h i nn i ng res u l ted f rom the Lebo becom i ng so 
l i gh t  co l ored as  to make t he contact w i th the Tongue 
R i ve r  hard  to recogn i ze .  The Lebo g rades eas twa rd i n to 
the Lud l ow .  

Gerhard ( 1 967) , work i ng i n  eas tern  Mon tana , 
d i v i ded the Lebo i n to 3 l a rge cyc l i c  un i ts ,  sepa ra ted 
f rom each othe r by unconfo rm i t i es .  He noted 5 I i tho
l og i es ,  wh i ch may be cyc l i c  thems e l ves , as fo l l ows : 
ye l l ow s i l t s tone ; b rown c l ays tone that  wea thers  l i ght  
g ray ; f i ne l y  f i ss i l e b rown s ha l e ;  l i gn i te ;  and g ray to 
buff  l i mes tone tha t wea thers ye l l ow .  The l i mes tone ,  

f i ss i l e  s ha l e ,  and  l i gn i te a re proba b l y  l a tera l equ iva
l en t s .  The decrease i n  g ra i n  s i ze f rom the bot tom to 
the top of each cyc l e ,  and the unconform i ty between 
un i ts ,  s ugges t that  each cyc l e  s ta r t7d w i t h  an abrupt 
i nc rease i n  env i ronmenta l ene rgy , wh i ch then decreased 
du r i ng t he cyc l e .  These cyc l es may be i nd i ca t i ve of 
per i od i c  u p l i ft of the wes te r n  source . The poss i b l e  
sma l l e r  cyc l es w i th i n  the u n i t s  may resu l t  f rom m i nor 
energy changes . 

Tongue R i ve r  Member 

The Tongue R i ve r  Member con ta i ns mos t  of the 
econom i ca l l y  i mportant coa l beds i n  the For t  Un ion Forma
t i on . I t  cons i s ts  of pa l e-o l i ve to Y7 1 l ow-g ray c l aystone, 
i n te rbedded c l ays tone and  sands tone , I nterbedded sha le 
and c l ays tone , carbonaceous s ha l e ,  and  t h i ck coa l bed s .  
The sands tone and c l ays tone occu r i n  a l most  equa l pro
por t i ons . A bas a l  sands tone i s  p resent i n  many areas 
and i s  used to ma rk the l ower bou nda ry of the member .  
The top o f  t h e  Ro l and coa l b e d  ma rks t h e  upper contact. 

Tongue River Member Depositional Environment 

Ev i dence of cyc l i c  depos i t i on i n  the Tongue 
R i ve r  has been presented by Jacob ( 1 973 )  and Bryson 
and Bass  ( 1 973) . Jacob wor ked i n  North  Dakota and de
f i ned 4 I i tho- types of a bas i c  cyc l i c  un i t .  Start ing 
f rom t he base of the cyc l e ,  t hey a r e :  g ray c l ays tone 
and s i l t s tone ; I i gn i te ;  ye l l ow s i l ts tone and c l ayey 
sands tone ; and ca l ca reous sand s tone . He conc l uded that 
the sequence was depos i ted by non-bra i ded , l ow- s i nuos i ty 
s t reams , wh i ch formed i n  the l owe r ,  subae r i a l  pa rt of 
a h i gh-cons t ruct i ve de l ta .  The c l aystone and s i l tstone 
p roba b l y  we re depos i ted on f l ood p l a i ns .  The l i gn i te 
beds were p roba b l y  l a i d  down i n  backswamps . The yel low 
sands tone and s i l ts tone proba b l y  were depos i ted on 
na t u r a l  l evees and c revasse s p l ays . A few sands tone 
bod i es that  may be po i nt ba rs  a re a l so presen t .  

B ryson a n d  Bass worked i n  t he Moorhead coa l f i e ld 
i n  Mon tana . The cyc l i c un i t  cons i s ted of the fo l l owing :  
a basa l ,  mass i ve ,  fa i nt l y  c ross bedded sandstone ; a th i n  
sha l e  a n d  c l ays tone l ayer ; coa l ; a n d  an upper bed 
dom i na ted by s ha l e .  They conc l uded that  the coa l was 
formed i n  coa s ta l swamps , a t  vary i ng d i s tances from 
the s ho re l i ne .  The bas i n  was u n s tab l e ,  ow i ng to 
pe r i od i c  u p l  i ft of the wes te r n  sou rce . The sha l e  over
l y i ng t he coa l represents  e i the r pe r i od s  of subs idence 
that  moved the s hore wes twa rd or per i od s  of acce l erated 
depos i t i on f rom a l ow- l y i ng sou rce . 

Royse ( 1 970) s t ud i ed the sed i mentol ogy of the 
Tongue R i ver-Sen t i ne l  B u t te contact  i n  Nor th Dakota. 
He l ooked at g ra i n- s i ze d i s t r i bu t i ons i n  both un i ts and 
p roved t ha t  there i s  a d i s t i nc t i ve s t ra t i g raph i c  d i f
ference between the two un i t s .  Ana l yses of sed iment 
samp l es showed the Tongue R i ve r  sed i ments  to be f i ner 
and l ess  we l l  sorted than those of the Sen t i ne l  Butte . 

The Tongue R i ve r  Member i n  t h i s  a rea was depos
i ted by s l ow-mov i ng s t reams on a l ow pa l eos l ope grad ient. 
The sed i ments  were de r i ved f rom a l ow- l y i ng sou rce to 
the wes t ,  and t ranspo r ta t i on eas twa rd was p r i nc i pal l y 
by su spens i on .  Nea r the end o f  the e p i sod e ,  the a l t i 
tude of the source wa s reduced , subs  i d ence exceeded de
pos i t i o n ,  and swamp cond i t i ons  p reva i l ed .  Backswamp 
dep�s i t s exce7d those of t ra n s i t i ona l a nd f l ood p l a i n  
env i ronmen t s  I n  t h e  Tongue R i ve r . T h e  coa l beds were 
depos i ted i n  the backswamp . Maj o r  channe l s  occur on ly  
i n  the basa l pa r t  of the Tongue R i ve r .  



290' 

370' 

0' 
250' 

0' 

50' 

80' 

200' 

1 80' 

200' 

350' 

400' 

60' 

80' 

350' 

Southeastern 

Montana 

FORT UNION FORMATION ,  EASTERN MONTANA 

Anderson 

Dietz No. 1 

Dietz No. 2 

Canyon 

Wal l 

Knobloch 

Rosebud 

3 

2 

5 

Eastern 

Montana 

R iver 

Pust 

R iver 

Top of Tongue 

Member 

1 400' 

25' 

525' 

Base Tongue 

Member 

F i g .  3 .  S t ra t i graph i c  r eJ a t i on sh i ps of the i mportant  coa l beds i n  t he Tongue R i ve r  Membe r.  

95 



96 R .  E .  MATSON AND J .  M .  P INCHOCK 

, Sen t i ne l  Butte  Member 

The s t rata  of the Sent i ne l  B u t te a re very s i m i l a r  
to those o f  the Tongue R i ver . There has been controve rsy 
as to whether the Sent i ne l  Butte  shou l d  be rega rded as 
a sepa rate member or pa rt of the Tongue R i ver . I n  North 
Dakota , whe re the type sec t i on is  l oca ted , the Sent i ne l  
Butte  i s  rega rded as a sepa rate member .  

The base of the u n i t  i s  ma rked by a d i st i nct i ve 
basa l sands tone ( Royse ,  1 970) . Depos i t i on s tart ed w i th 
the i nf l ux of th i s  de l ta i c  sands tone ove r  t he swamps 
of the Tongue R i ve r .  The sou rce a rea had changed to the 
no rthwest , and  the sed i ments were spread sou th and east
wa rd . E l eva t i on was i nc reased over base- l eve l .  The 
s t reams had s l i gh t l y  g reater ve l oc i t i es than the Tongue 
R i ver  s t reams , but t ransporta t i on wa s s t i l l  ma i n l y  by 
suspens i on .  The d ra i nage pat tern was l ess s tab l e  and the 
pa l eos l ope was va r i ab l e ,  ref l ect i ng tecton i sm farther 
wes t .  The sed i ments  we re l a i d  down farther upst ream 
than the Tongue R i ve r  sed i ments  had been . Trans i t i ona l 
and  f l ood-p l a i n  depos i ts exceed backswamp depos i ts .  
The p resence o f  a n  upper sand un i t  sugges ts rej uvena t i on 
of the sou rce . 

The un i t  i s  d i sconforma b l y  over l a i �  by the 
Wh i te R i ver Forma t ion  ( O l i gocene) i n  some a reas , and 
g rades i nto the Go l den Va l l ey Forma t i on ( Eocene) i n  
others . 

Mos t workers have ag reed that the Sen t i ne l  
B u t te i s  m i ss i ng i n  t h e  Powder  R i ver  bas i n .  Carm i chae l 
( 1 967 , 1 975) , after  work i ng i n  the Pumpk i n  C reek coa l 
f i e l d  and rev i ew i ng the work of B ryson ( 1 952) i n  the 
Coa l wood coa l f i e l d ,  be l i eved that the Sent i ne l  Butte  
a l so i s  present i n  th i s  a rea . He be l i eved t ha t  the 
g ray sha l es descr i bed by B ryson , between t he Mack i n
Wa l ker and Stump coa l bed s ,  be l ong i n  the l ower pa rt 
of the Sen t i ne l  Butte . He tenta t i ve l y  p l a ced the Tongue 
R i ver-Sen t i ne l  Bu t te con tact at the ba se of the Mack i n
Wa l ke r  coa l bed . 

Lud l ow Member 

I n  the Dakotas , the Tu l l ock and Lebo a re com
b i ned to form the Lud l ow Membe r .  Farther eas tward , 
the Lud l ow i nterf i ngers  w i t h the ma r i ne Cannonba l l  
Membe r .  The Lud l ow con s i s ts of ye l l ow i sh-weathe r i ng ,  
poo r l y  conso l  i da ted sands tone , g ray to b rown sha l e ,  and 
I i gn i te .  

Cannonba l l  Ma r i ne Member 

The Cannonba l l  was f i rs t  recogn i zed by Leonard 
( 1 90]) . I t  i s  the o n l y  Pa l eocene ma r i ne forma t i on I n  
the m i d-cont i nent .  I t  i s  recogn i zed on l y  I n  wes te rn 
North  Dakota and  i n  northwes tern South Dakota . I t  con
s i s ts of poor l y  conso l i da ted. g ray i sh-g reen sands tone , 
wh i ch wea thers b rown , and gray muds tone that tends to 
be b l ocky . The Cannonba l l  Member conta i ns th i n  beds 
of ma r i ne fos s i l s .  Depos i t ion  occu rred i n  va r i ous 
env i ronments , wh i ch I nc l ude sa l t  ma rshes , t i da l  f l at s ,  
t i d a l  channe l s ,  beaches , and she l f  bot toms ( Cvanca ra , 
1 972) . The base of the member  i s  taken as the h i ghes t 
l i gn i te o r  l i gn i t i c  sha l e  of t he Lud l ow .  To the wes t ,  
i n  i nter f i ngers w i th the Lud l ow.  The upper contact 
shows both  conforma b l e  and d l sconforma b l e  re l a t i on
s h i ps w i th  the basa l sand of the Tongue R i ver  Member .  

CORRELAT I ON OF  THE FORT UN I ON FORMAT I ON 

Severa l  au thors have noted tha t the beds of 
the Fort Un i on cross t i me l i ne s  (Ga r re tt ,  1 963 ;  
Leff i ngwe l l ,  1 970 ; Carmi chae l , 1 96 7 ,  1 975) . I n  a 
cros s sec t i on f rom B i l l i ng s  to south-centra l North 
Dakota , Garrett  showed t he i nd i v i du a l  members be
com i ng progres s i ve l y  younger to the eas t .  Leff i ngwel l 
noted that the basa l Tongue R i ve r  i n  Nor t h  a nd South 
Dakota was o l de r  than tha t i n  the sou thern Powder R i ver 
bas i n .  Carm i chael corre l a ted t he l ower part  of the 
Sen t i ne l  But t e  i n  eastern  Mon tana w i th  the Lebo i n  
northea s tern  Wyomi ng ; the Tongue R i ve r  w i th the Tu l lockj 
and  the Lebo a nd Tu l l ock w i th  t he upper part of the 
He l l C reek . These observat i ons suppo r t  the i dea that 
the depos i t i ona l f ront of the For t  Un i on moved i n  a 
genera l south and eas t d i rect i on .  

I MPORTANT COAL BEDS O F  THE TONGUE R I V ER MEMBER 

The i mportant  coa l beds of the Tongue R iver 
Member a re the Anderson , D i etz , Canyon , Wa l l ,  Knob loch, 
Rosebud , and Pust coa l bed s .  These are i mportan't be
cause of the magn I tude of the rese rves they conta I n and 
a l so the q u a l  i ty of the  coa l . The genera l st rat i graphic 
re l a t i onsh i p  of these coa l beds i s  shown on F i gure 3.  

A l l of these beds have w i de a rea l extent 
( P l ate  1 - 5 ) ; and i n  southea s tern  Montana , they show 
va r i a t i on i n  qua l i ty f rom subb i tumi nous to l i gn i te, 
d epend i ng on geog raph i c  l oca t i on (Ta b l e  I ) .  

The current  mapped s t r i ppab l e  rese rves i n  the� 
coa l beds tota l 2 8 , 000 m i l l i on tons (Ta b l e  2 ) . 

Anderson Coa l Bed 

The Ande rson I s  s t ra t i g raph i ca l l y  the h i ghest of 
the i mportant  coa l beds i n  sout heas tern Montana . I t  
l i es  290 t o  370 ft  be l ow t h e  top o f  the Tongue R iver 
Member .  I t  p resent l y  i s  be i ng m i ned a t  t he Decker 
m i ne and w i  I I  a l so be m i ned a t  the p l a nned East Decker 
m i ne .  At the Decker m i ne ,  i t  me rges w i th the D ietz 
No . I bed to form a seam 50 f t  t h i c k .  Jus t west of the 
m i ne ,  the Anderson comb i nes w i th  both the D i etz No. I 
a nd D i etz No . 2 to form a n  80- f t- th i ck seam . St i l l  
farther wes t ,  the Ande rson s p l  I t s  off f rom the comb i ned 
D i etz  seams . I n  the Dee r C reek coa l f i e l d ,  east of 
the m i ne ,  the th ree beds are  separate , and the Ander�n 
i s  20 f t  th i ck .  I n  the nor t he rn part  o f  the Poker J i m  
Lookout coa l f i e l d , t he Anderson a nd D i etz comb i ne for a 
t h i ckness of 58 f t , but i n  the southern pa rt of the 
f i e l d  they a re separate bed s .  I n  the Wes t  Moorhead 
coa l f i e l d ,  the Anderson i s  1 4  to 30 f t  t h i ck and 1 3  
t o  8 1  f t  above t h e  D i etz No . I .  I n  the Hang i ng Woman 
C reek coa l f i e l d , I t  I s  25 to 36 f t  t h i ck ,  t h i nn i ng to 
I S  f t  i n  the southwestern pa r t  of t he a rea . I t  l i es 
50 to 1 00 f t  a bove the D i etz No . I .  

The h i ghes t q ua l i ty coa l f rom t he Anderson bed 
i s  found i n  the Decker depos I t . The qua I i ty decreases 
to the east  a nd north f rom the Decker depos i t . 

D i etz Coa l Beds 

Taf f  ( 1 909) mapped t h ree D i etz  beds about 5 ml : 
nor t h  of She r i da n , Wyom i ng .  These were t ra�ed northward 
i nto the Decke r a rea by Baker ( 1 9 1 9) . D i etz No . I of 
Taff cor re l ates w i th the Anderson . The p resent Dietz 
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Tabl e  1 .  Average coa l qua l i ty of the econom i ca l l y  I mportant coa l bed s .  A l l ana l yses a re on a n  as- rece i ved bas i s ,  
except where t I pp l e  samp l es a re des I gna ted . 

Deposit No. of Moisture Volatile matter Fixed carbon Ash Sulfur Btu/lb. 
samples 

PUST COAL BED 
Burds Creek-Thirteenmile Creek 1 0  38.846 :&6.778 26.902 7.828 .654 6 1 3 8  

Savage Mine Tipple 3 8.000 27.000 27.000 7.25 .500 6500 

ROSEBUD COAL BED 
Colstrip 16 2 1 . 1 6 8  29. 1 07 38.85 2 9.541 .823 8836 

Greenleaf Creek-Miller Creek 4 27. 1 75 26.743 37.491 8.592 1. 169 8376 

Sarpy Creek Mine Tipple 25 .000 29.000 37.000 9.000 .330 8450 

Peabody Mine Tipple 26.300 28.600 34.700 10.400 .750 8450 

Western Energy Mine Tipple 25.500 27.720 38.330 8.450 .800 8750 

KNOBLOCH COAL BED 
Ashland 27 27.664 28.824 37.633 4.828 . 1 5 3  8420 

Otter Creek 28 28.233 29.91 5  36.7 1 2  4.7 1 0  .367 8468 

Poker Jim Cleek�'dell Creek 6 24.165 30.036 40.695 5.104 .226 8846 

Greenleaf Creek-Miller Creek 8 27.405 28.498 37.672 6.424 .540 85 80 

Beaver Creek-Liscom Creek 1 2  3 1 .435 2R.487 34.53 2  7.962 .492 80 15 

Foster Creek 3 3 1 . 1 1 3  27.740 3 3.257 7.89 .767 7573 

Sand Creek 2 3 1 .835 28.055 33.435 6.675 .300 7340 

WALL COAL BED 
Canyon Creek 42 24.346 30;5 7 1  40.429 4.629 .305 9088 

Yager Butte 89 3 2.663 28.03 34.39 1 4.9 16 .320 7552 

CANYON COAL BED 
Decker 3 22.863 29.856 39.737 7.544 .4 1 8  9 1 04 

Poker Jim Lookout 3 30.483 29.466 35 .050 5.002 .371  820 1 

Hanging Woman Creek 4 25. 1 5 5  29.940 38.542 6.365 .407 8428 

Kirby 3 23.780 29.637 40.770 5.8 1 7  .240 8789 

West Moorhead 1 2  28.327 29.779 36.550 5.343 .420 8055 

Canyon Creek 7 26.829 26.970 35.870 10.328 .786 8192 

Diamond Butte 5 35.128 27.9 2 1  33.033 3.9 1 8  .307 7395 

Sonnette 1 36.960 26.709 30.054 6. 277 .955 6904 

Threemile Buttes 7 37.339 26.378 30.696 5.587 .942 6867 

DIETZ COAL BED 
Decker 4 23.6 1 2  25.562 36.563 1 1.764 .349 8367 

Deer Creek 3 23. 197 28.705 36.640 1 1 .459 .630 8340 

Hanging Woman Creek 4 27.423 29.622 36.8 1 1  5.507 .337 8078 

Kirby 15 26.780 27.783 37.426 5.870 .590 8442 

West Moorhead 4 3 1.333 29.7 1 7  34.823 4.127 .4 1 8  7990 

ANDERSON COAL BED 
Decker 8 23.728 29.856 39.634 4.3 1 0 .291 9236 

Deer Creek 3 23. 1 97 28.705 36.640 1 1.459 .630 8340 

Poker Jim Lookout 8 29.626 30.0 1 3  35.084 5.277 .375 7926 

Hanging Woman Creek 56 25.990 29.850 38.642 5.133 .293 8503 

Kirby 1 1  26.7 1 6  28.085 38.47 1 4.295 .321 8328 

West Moorhead 3 26.233 3 1 . 133 37. 300 5 .333 .367 8297 

Decker Mine 
(Combined Anderson-Dietz) 

Tipple 23.0 34.000 39.300 3.7 .400 9600 
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No . 1 and D i etz No . 2 cor respond to the D i etz No . 2 and 
D i etz  No . 3 of Taff . The D i etz i s  be i ng m i ned at the 
Decker m i ne and w i l l  a l so be m i ned at the p l anned East  
Decke r  m i ne .  

Wes t  o f  the Decker m i ne ,  t he D i et z  No . 1 a nd 
No . 2 comb i ne w i th the Ande rson to form a bed 80 f t  
t h i ck .  R i gh t  a t  t h e  m i ne ,  on l y  t h e  D i etz  No . 1 com
b i nes w i th the Anderson to form a bed 50 ft t h i ck .  I n  
the Deer C reek f i e l d ,  a l l t h ree beds a re sepa rate , and 
the D i etz beds average 1 8  ft i n  th i ckness . I n the south
wes t  pa r t  of the K i rby coa l f i e l d ,  the D i et z  beds com
b i ne for a t h i ckness  of 50 f t , but they s p l i t  and th i n  
to the nor thea s t .  The D i etz No . 1 has a max i mum t h i ck
ness of 1 8  ft i n  the Hang i ng Woman Creek coa l f i e l d ,  
but  t h i ns to 4 f t  i n  the sout hwestern  co rner . I n  the 
Wes t  Moo rhead coa l f i e l d ,  i t  ranges f rom 6 to 1 1  ft 
i n  t h i cknes s , but i s  th i n  or absent i n  the northeast  
corner . 

The bes t ove ra l l  coa l q ua l i ty i n  the D i etz bed 
i s  found i n  the Decker a rea . The B t u  and a s h  va l ues 
a re bet ter i n  the K i rby depos i t ,  but the s u l fur  con tent 
i s  much h i gher . The q ua l i ty of the D i etz  decreases to 
the east  of these two coa l f i e l ds .  

Canyon Coa l Bed 

A l though not be i ng m i ned , the Canyon i s  one of 
the most  wi despread coa l bed s i n  Montana . The l a rges t 

coa l reserves i n  the Canyon a re fou nd I n  the Wes t  Moor
head and D i amond Butte depos i ts . I n the Wes t Moorhead 
depos i t ,  the bed ranges f rom 1 7  to 24 f t  i n  th i ckness 
and 1 i es 67 to 1 22 f t  be l ow the D i etz .  I t i s  1 6  to 
25 f t  th i ck and 1 80 to 230 f t  above the Wa l l  bed i n  
t h e  Ki rby coa l f i e l d .  I n  the D i amond B u t te coa l 
f i e l d ,  the Canyon coa l i s  7 to 1 6  f t  t h i ck and about 
200 f t  above the Cook bed . I t  s p l i ts i nto two benches , 
4 to 1 3  ft th i ck ,  i n  the Th reem i I e  Buttes depos i t .  The 
h i ghest  qua l i ty coa l i s  i n  the Decker and Ki rby de
pos i ts .  As w i th the Ande rson a nd D i etz , the qua l i ty 
d i m i n i shes to the eas t  and north . 

Wa l l  Coa l Bed 

A l though not presen t l y  be i ng m i ned , the Wa l l  
conta i ns l a rge reserves i n  the Canyon C reek and Ki rby 
depos i t s ,  whe re i t  i s  50 to 60 ft th i ck .  I t  l i es 1 80 
to 230 f t be 1 ow the Canyon bed . I n the Canyon Creek 
depos i t ,  the Wa l l  i s  one of the h i ghest- rank coa l s  i n  
eas tern Montana . 

Knob l och Coa l Bed 

A l though not be i ng m i ned , t he Knob l och con
ta i ns l a rger s t r i ppab l e  reserves than any other mapped 
coa l bed i n  the Tongue R i ve r  Member .  I t  has good po
ten t i a l  i n  the Ash l and , Otter  C reek ,  and Poker J i m 

Ta b l e  2 .  S t r i ppab l e  reserves by depos i t  of the econom i ca l l y  I mportant  bed s o f  the Tongue R i ver Member.  Al l 
va l ues i n  m i l l  i on tons . 

Deposit Anderson Dietz Canyon Wall Knobloch Rosebud Pust 

Decker 2239.99 
Deer Creek 4 10.47 
Kirby 216.52 834.35 1 5 8.53 473.69 
Canyon Creek 1884. 25 
Poker Jim Lookout 872.65 
Hanging Woman Creek 1583 .29 1 1 20.96 
West Moorhead 883.74 347.49 690. 1 9  
Poker Jim Creek-O'dell Creek 93 8.07 
Otter Creek 2075.55 
Ashland 2696.20 
Colstrip 1 439.26 
Foster Creek 708. 1 3  
Diamond Butte 4 1 8.02 
Yager Butte 496.34 
Threemile Buttes 1 9 1.28 
Home Creek Butte 1 4.6 1 
Sand Creek 267. 34 
Beaver Creek-Liscom Creek 4 9 1 .6 2  
Greenleaf Creek-Miller Creek 3 25.00 76. 14 
Burns Creek-Thirteenmile Creek· 4900 

* Reserves in this area were calculated to 300 feet of overburden . In all the other areas, reserves were calculated to only 1 50 
feet of overburden. 
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C reek-O ' de l l C reek depos i ts ,  as  we l l  a s  on the Northern 
Cheyenne I nd i an Rese rva t i on .  

T h i cknes s o f  the Knob l och coa l va r i es th rough
out i ts a rea l extent , a nd i t  deve l ops  pa r t i ngs and 
tends to s p l i t  i n to two o r  three s eams . I t  reaches a 
max i mum t h i ckness  of 66 f t  i n  the no rthern pa r t  of the 
Otter C reek a nd Ash l and depos i ts .  I t s h i ghe s t  q ua l i ty 
i s  i n  the Poker J i m C reek- O ' de l l C reek depos i t .  

Rosebud Coa l Bed 

The Rosebud coa l bed occu rs a bou t 350 ft a bove 
the ba se of the Tongue R i ve r  Membe r .  I t  i s  be i ng m i ned 
at Co l st r i p  by Wes tern Energy Company and by Peabody 
Coa l Company , and at Sa rpy C reek by Wes tmore l and Re
sou rces I nc .  I t  averages 2 5  f t  i n  t h i c kness i n  the 
Co l s t r i p  a rea . I n  the eas t  s i de of the Sa rpy Creek a rea , 
i t  i s  a bout I S  f t  th i ck and occu rs 4 to 36 f t  above the 
McKay . On the wes t  s i de of Sa rpy C reek , i t  comb i nes 
w i th the McKay for a t h i ckness of 25 to 35 f t .  

Pust  Coa l Bed 

The Pus t coa l bed conta i ns the l a rgest reserves 
and has the g reatest a rea l extent of any of the coa l 
beds i n  eas tern Mon tana . I t  i s  be i ng m i ned a t  the 
Kn i fe R i ve r  m i ne .  The Pus t l i es a bout 525 ft  a bove the 
base of the Tongue R i ver  Member . I t  reaches a t h i cknes s 
of 44 f t  i n  the eas tern part of the Burns Creek-Th i rteen
m i l e  Creek coa l f i e l d ,  but th i ns to the north  and wes t  
and averages about 2 5  f t  i n  t h i cknes s .  I n  the eastern 
part  of the f i e l d ,  i t  fo rms one bed ; howeve r ,  i t  s p l  i t s 
i nto two benches as much as 1 0  f t  apa r t  i n  the wes tern 
pa r t .  The upper bench has a max i mum th i ckness of 2 5  ft , 
and the l ower has a max i mum th i cknes s of I S  f t .  The 
hea t va l ues range between 5893 and 6492 Btu/ l b ,  the 
su l fu r  between 0 . 30 1  and 1 . 548 percent ,  and the ash 
between 4 . 886 and 1 1 . 59 1  percent .  The t h i cker coa l i n  
the eas tern pa r t  of the a rea seems to be of s l i gh t l y  
be t ter qua l i ty than tha t i n  the wes tern pa r t .  

CONCLUS I ONS 

The Tongue R i ve r  Membe r of the For t  Un i on 
Forma t i on (Pa l eocene age) con ta i ns vas t amounts of 
s t r i ppab l e  coa l reserves i n  eas tern Mon tana . A maj or 
part of these reserves is  con ta i ned in  7 coa l beds-
the Ande rson , D i etz , Ca nyon , Wa l l ,  Knob l och , and 
Rosebud i n  southeastern Mon tana , and the Pus t i n  eas tern 
Montana . 

Genera l l y ,  the coa l that has the h i ghest Btu  va l ue 
and tha t  forms the t h i ckest beds i s  found i n  the Decker , 
Montana a rea , a l though th i ck beds a re a l so found i n  some 
of the other depos i ts .  
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GEOPHYSICAL LOGGING OF COAL 

DONALD G. DAVIS : Scientific Software Corporation 

Denver, Colorado 80202 

gSTRACT : A l though compu ta t i ona l p rocedures a re ava i l a b l e  today fo r t he i n- s i tu eva l ua t i on of coa l ,  i nc l u d i ng 
Btu and ash con ten t ,  the boreho l e  l og s  req u i red a re not often ava i l ab l e  i n  the ca l i b ra ted form o r  s u i tes  requ i red . 
The exp l ora t i on for coa l can be enhanced cons i de ra b l y  by u s i ng the l og s  ava i l ab l e  i n  the  we l l - l og 1 i b ra r i es i f  
certa i n  fundament a l  geophys i ca l  pa rameters  a re cons i de red and the e f fects  of coa l compa red to other  rocks o r  
minera l s  as seen b y  t h e  l ogg i ng too l s  a re unders tood . Th i s  d i scus s ion  w i l l  pr i ma r i l y dea l w i th t h i s  l at te r  a s 
pect of geophys i ca l  ( bo reho l e )  mea surement s .  

I NTRODUCT I ON 

The accumu l a t i on of data recorded by l ogg i ng 
i ns t ruments i n  the boreho l e  has been go i ng on for over 
30 yr  in the Rocky Mounta i n  reg i on .  These l og s  have 
pr imar i l y been recorded for the purpose of pet ro l eum 
exp lorat i on and exp l o i tat i on .  The resu l t ,  howeve r ,  
has prov i ded a l i brary o f  data i n  the form o f  cu rve 
t�ces that may be used to i den t i fy coa l seams , and , i n  
some cases , to eva 1 uate the qua 1 i ty  of the coa 1 w i th re
gard to mo i s ture ,  ash and su l fu r  con tent as we l l  as 
Btu l eve l on an i n-s i tu bas i s .  

A l though s i mp l e  " ru l es of thumb" a re des i ra b l e  
i n  any data resea rch p roject , t hey genera l l y  a re 
plagued by excep t i on s .  Techn i ques for coa l i dent i f i 
cat ion def i n i te l y  fa l l  i n to t h i s  category . Gene ra l 
"ru l es of thumb" a re he l pf u l  and q u i te usef u l  i f  a fu l l  
understand i ng of the excep t i ons  are  app 1 i ed . 

Th i s  pape r dea l s  w i th  a s t udy  of t he effects of 
coa l on  var i ous l ogg i ng o r  boreho l e  geophys i ca l  mea s u re
ments ,  i nc l ud i ng a s tudy of coa l bed t h i cknes s . 

The geophys i ca l  meas u rements  to be s tud i ed a r e :  
1 .  Spontaneous poten t i a l  
2 .  Res i s t i v i ty 
3 .  Conduct i v i ty 
4 .  Acoust i c  t rans i t  t i me 
5 .  Bu l k  dens i ty 
6 . Neu t ron poros i ty i ndex 

EARLY W�LL LOGS 

The ea r l i es t  type of l og g i ng dev i ce l i ke l y  to 
be encountered i n  any l og l i b ra ry i s  the e l ec t r i ca l  l og .  
Th i s  l og cons i s ts of a set  of meas u rements  recorded as 
cont i nuous ana l og t races vs . dep t h .  Th i s  l og ,  com
mon l y  referred to as the  ES l og ,  genera l l y  conta i ned 
the fo l l ow i ng cu rve t races : 

Spontaneous Poten t i a l , o r  SP 
Sho r t  Norma l - AM 1 6" 
Long No rma l - AM 6 � '  
La tera l - AO 1 8 ' 8" 

The SP cu rve can be q u i te m i s l ead i ng i n  tha t an  
anoma l y  or excu r s i on to the l ef t  of the bas e ,  o r  s ha l e ,  
l i ne may o r  may not  occur w i t h  coa l bed s .  Thus , i t  i s  

1976 Symposiwn on the Geo logy 
of Rocky Mountain Coal, p. 1 1 5 -1 19 115 

not a re l i a b l e  i nd i ca tor of the p resence o f  coa l . 
- An.t._coa l seam i s  a poo r condu c to r  o f  e l ec t r i c  

cu r ren t ;  thus , h i gh res i s t i v i ty va l ues a re to be ex
pected f rom res i s t i v i ty mea su r Lllg dev i ces . A no rma l 
res i s t i v i ty dev i ce ,  a s  referred to a bove , w i l l  respond 

10 

/ 

.1----'-- - - - - - - -

F i g .  1 .  Response of the  norma l r es i s t i v i ty dev i ce 
oppos i te a bed thicker than  t he AM (e l ect rode ) spac i ng 
( S ch l umberger We l l  S e rv i ces , 1 950) . 

� / ' / ' , / / ,' ,I' 
/ 

F i g .  2 .  Response of the norma l res i s t i v i ty dev i ce 
oppos i te a bed thinner t han  the AM { e l ect rode}  s pac i ng 
(T i x i er and A l ge r , no date) . 
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a s  s hown o n  F i gu re 1 i f  t he bed i s  t h i cke r  than the 
AM spac i ng ( Sch l umberge r ,  1 950) . I f  the seam i s  t h i n , 
the  effect w i l l  s how up a s  i nd i ca ted on F i gure 2 (T i x i e r  
and A l g e r ,  n o  date) . Cons i de r  a coa l bed th i cker than 1 6  
i n .  b u t  t h i nner  than 64 i n .  T���oLt _�rma l w i l l  appear 
as  on F i gu re I ,  wh i l e the l ong norma l w i l l  l ook l i ke 
F i gure 2 .  

A l so note t ha t  the i nf l ec t i on po i nt s  a s  shown on 
F i gure  1 a re actua l l y one-ha l f  the AM spac i ng i ns i de the 
bed bounda r i es ;  that  i s ,  the bed i s  t h i cker than the 
d i s tance between t he i nf l ect i on po i nts by the fu l l  AM 
spac i ng .  I n  the case of F i gu re I ,  t h i s  wou l d  amount to 
add i ng 1 6  i n .  to the bed t h i cknes s .  I n  the case of a 
t h i cker bed and use of the l ong norma l as a coa l bed 
de l i nea to r ,  the t h i ckness  wou l d  be u nderes t i ma ted by 
64 i n . , or  ove r 5 f t .  

The l a tera l cu rve i s  u n i que i n  that  i t  i s  non
symmet r i ca l  w i th  rega rd to i t s s hape . Shou l d  a coa l bed 
be t h i nner than t he spac i ng of the l a tera l i ns t r umen t  
( 1 8 ' 8" ) , wh i c h  i s  q u i te l i ke l y  here i n  t h e  Roc k i es , i t  

wou l d  exh i b i t an  appea rance as noted on F i gu re 3 ( Sch l um
berger , 1 950) . Note that the res i s t i v i ty anoma l y  i s  
d i sp l aced downwa rd , w i t h  the peak nea r the bo t tom of 
the bed , and that a " b l i nd" or l ow read i ng zone fo l l owed 
by a sma l l e r  fa l se pea k occu rs i mmed i a te l y  be l ow the 
res i st i ve bed--pos s i b l y  a coa l bed . A compos i te of 
these cu rves i s  shown on F i g u re 4 (T i x i er and A l ge r ,  
n o  da te) . 

O u r  f i r s t  excep t i on to a " ru l e  of thumb" i s  now 
encoun tered . These coa l beds wou l d  appea r the same i f  
they we re t i gh t  l i mes tone o r  sands tone s t r i ngers , o r  
th i n  beds . The i r appea rance s i mp l y  means tha t they d o  
n o t  conta i n  l a rge amounts  o f  wa ter and t h a t  they conta i n  
l i t t l e  sha l e .  O the r  l og data mu s t  be exami ned before 
the presence of coa l can be esta b l i s hed as a certa i nty . 
However ,  nea rby core cont r o l  tha t es tab l i shes tha t these 
beds a re coa l cou l d  l ead to us i ng these l ogs on a cor re
l a t i on and thus "mos t l i ke l y" bas i s  of coa l i dent i f i ca t i on .  

R I : '  4 
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F i g .  3. Response of the l atera l res i s t i v i ty curve 
oppos i te a bed thinner than the AD ( e l ect rode) spac i ng 
(Sch l umberger We l l Serv i ces , 1 950) . 

F i g .  4. Responses of s hort norma l ,  l ong norma l , and 
l atera l curves oppos i te coa l beds on typ i ca l  e l ec t r i 
ca l l og (T i x i e r  and A l g e r ,  no date) . � 
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LATEROLOG OR FOCUSED  L O G  

Th i s  was the next common l y  used too l on  the 
logg i ng scene . I t  i s  often confused w i th the l ateral  
dev ice d i scussed above because of the s i m i l a r i ty of  
names , but  i t  i s  not h i ng I i ke i t .  The l a te ro l og em
ploys a techn i que that forces the cu rrent hor i zon ta l l y 
and thus overcomes many boreho l e  and s i de-bed d i s tor
tions .  I t  is a symmet r i ca l  dev i ce and the i n f l ect i on 
poi nts tru l y  rep resen t bed bounda r i es .  But  remembe r ,  
i t  is a l so a res i s t i v i ty dev i ce and may react to I i me
swne or sands tone beds as descr i bed above . 

I NDUCT I ON LOG 

Thi s i s  a conduct i v i ty measu r i ng dev i ce .  I ts 
purpose i s  the same as the p rev i ous l y  men t i oned dev i ces ; 
t�t i s ,  to dete rm i ne the current-ca r ry i ng capab i l  i ty of 
the forma t i ons . I t  works on an en t i re l y  d i fferent 
pr inc i p l e  than prev i ous l y  descr i bed dev i ces but i ts 
appearance i s  the same . Bed t h i cknesses a re measu red a t  
the hal f-way ( i nf l ec t i on ) po i nt o n  the conduct i v i ty 
curve. The same l i m i ta t i ons of l i t ho l ogy app l y  wi th 
th is  dev ice as w i th those descr i bed above . 

GAMMA RAY LOG 

Coa l exh i b i ts a l ow rad i oact i v i ty l eve l i n  
near l y  a l l  caseSl-rr-ttre-�ock i es .  The l eve l of na t u r a l  
rad iat ionis-Tn-"tne rCange 01'20 AP I un i ts ,  depend i ng on 
mud we i ght , ho l e  s i z e ,  and how t he too l i s  pos i t i oned 
in the ho l e  ( i . e . , centered or  excen tered ) . Th i s  i s  
about the same va l ue that a l i mes tone bed wou l d  exh i b i t .  
However ,  h i gh concentrat i on of u ran i um may occu r ,  re
su l t i ng in h i gh gamma ray read i ngs i n  certa i n  cond i t i ons 
s i nce carbon act i ve l y  reduces hexava l en t  u ran i um bea r i ng 
sa l ts i n  so l u t i on to an i nso l ub l e  tet rava l en t  sa l t  (T ix ier  and A l ger , no date) . The l i g n i te found i n  the 
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B l ack H i l l s i s  an examp l e  of th i s  " thumb ru l e" excep t i on .  

SON I C  OR ACOUST I C  LOG 

Coa l beds a re ext reme l y  poor transm i t ters  of 
acous t i ca l  energy i n  terms of ve l oc i ty of. t rans i t  t i me .  
Th i s  t rans i t  t i me va r i es w i th the type of coa l and 
bur i a l  dep th of the bed . Coa l beds i n  the Mesaverde 
G roup i n  sout hwestern  Wyom i ng s how a typ i ca l  va l ue of 
a bout 1 25 m i croseconds per f t .  Th i s  is i nd i ca ted on 
F i g u re 5 (T i x i e r  and A l g e r ,  no d a te ) . The l og res ponses 
of seve ra l dev i ces oppos i te coa l beds in  a we l l  l ocated 
i n  Col orado a re dep i c ted on F i g u re 6 ( T i x i e r  and A l ge r ,  
n o  date ) . A l though these coa l s  a re s ubb i tum i nous A i n  
ran k ,  they exh i b i t  l owe r va l ues of A t  than expected for  
the i r rank because of the i r  dep t h , 7500- 7 700 f t .  L i g n i te 
amd s ubb i tum i nous coa l s  found a t  s ha l l ow depths i n  
southe rn Co l orado m i g h t  eas i l y show a va l ue of 1 40 m i c ro
seconds pe r f t .  Tab l e  I p rov i des a range of t rans i t  
t i mes for va r i ous coa l s .  

DENS I TY LOG 

Den s i t i es of coa l range f rom as  l ow a s  0 . 7  gm/ 
cc for some l i g n i tes to 1 . 8 gm/cc for a n t h rac i te .  
Aga i n ,  Tab l e  1 s hows ranges for va r i ous  coa l types . 
F i g u re 5 shows a va l ue of 1 . 45 i n  a Wyom i ng we l l .  

One cau t i on shou l d  be noted he re . The s tand a rd 
"o i I f i e l d" dens i ty too l i s  ve ry poo r l y  ca l i b ra ted to 
mea s u re bu l k  dens i t i es of rocks l es s  than 2 gm/cc . 
Often t i mes , a back-u p  cu rve t race for va l ues l owe r than  
2 gm/cc i s  not  even recorded . A d i sappea rance of the  
cu rve to  t he l ef t  m i ght  we l l  be  i n terp reted a s  an  i n
d i ca t i on of coa l ,  other i nd i ca tors  conf i rm i ng .  I t  i s  
pos s i b l e  to obta i n  dens i ty record i ngs that  are  accura te 
be l ow the 2 gm/cc l eve l i f  p r i or not i ce i s  g i ven  to mos t 
l ogg i ng compan i es so that  p rope r ca l i bra t i ons  may be 
made . 

Son ic  SN P 
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F i g . 5. Responses of forma t i on dens i ty ,  son i c ,  and s i dewa l l -neut ron poros i ty l ogs oppos i te a coa l bed i n  t he 
Mesaverde G roup (Upper C retaceous ) , southwes tern Wyom i ng (T i x i e r  and A l ge r ,  no date ) . 



1 1 8  

TAB LE I 

LOG TYPE L 1  GN I TE B I TUM I NOUS 

Gamma Ray Low Low 
( AP I Un i ts )  I 20- 25 20-25 

Res i s t i � i ty H i gh H i gh 
(ohm-m) 50- 2000 50- 2000 

Trans i t  T i me 
( M i c roseconds/ft ) 3 1 30- 1 50 1 1 0- 1 40 

Dens i ty 
(gms/cc) 4 0 . 7- 1 . 5  1 . 2- 1 . 5 

Neu t ron  Ve ry H i gh Very H i gh 
( Poros i ty I ndex) 55-70 55- 70 

D. G. DAV I S  

ANTHRAC I TE 

Low 
20-25 

H i gh 
50- 2000 

1 20 or l es s  

1 . 4- 1 . 8 

Very H i gh 
55-70 

Modern l ogg i ng s u i tes w i t h  too l s  prope rTy ca l i - :' 
brated for the range of data expected , cou p l ed w i th 1 
ma thema t i ca l  mode l s  a nd cor re l a t i on f i ts to as say 
va l ues , can l ead to accu rate eva l ua t i ons  of ash , 
mo i s tu re ,  and su l fur  content  and Btu  ra t i ng of the 
coa l beds under s tudy . I n  add i t i on , mechan i ca l  para
meters conce rn i ng rock s t rengths  may be ca l cu l a ted to 
determ i ne f a l l po i n ts and p i l l a r  s i ze as a s s i s t s  to 
good underg round m i ne des i g n . Obv i ou s l y ,  these more 
soph i s t i ca ted concept s  requ i re the app l i ca t i on of com
puter techn i ques . 

NEUTRON LOG 

Th i s  type of l ogg i ng dev i ce i n  a l l i ts "mutat io  
and va r i a t i on s  i s  p r i ma r i l y  a counter  of hyd rogen atoms 
and coa l i s  r i ch i n  hyd rogen . Thu s , a po ros i ty i ndex 
of ove r 50 percent i s  typ i ca l . Aga i n ,  refer r i ng to 
F i gure 5 ,  a va l ue of 62 percen t i s  s hown on th i s  south
wes tern  Wyom i ng we l l .  

I Except whe re u ra n i fe rous sa l ts occu r (B l ack H i l l s ) NOTABLE EXCEPT I ONS 2Va r i es w i th mo i s tu re 
3Va r i es w i t h  bur i a l  depth 
4Va r i es w i t h  ash con tent 
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The poros i ty too l s  I i s ted above a l l exh i b i t  re
cord i ng s  that wou l d  l ead to h i gh poros i ty ca l cu l at i ons 
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F i g .  6 .  Responses of format i on dens i ty ,  son i c ,  and res i s t i v i ty l ogs  i n  a Co l orado we l l ·, 1 d d 
b l ack (T l x i er and A l ger , no date)  coa beds are  sha e 
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from the recorded va l ues . Unfortuna te l y  coa l Is  not 
the on l y . roc� t ha t  g i ves such h i gh read i �gs . Others I n  
the Rock i es a re :  

Sha l es - The apparent poros i ty l eve l i s  h i gh 
on l y  on the son i c  and neu t ron l ogs , 
and not nea r l y  so h i gh as coa l , even 
on these l ogs . 

Benton i te - Long t rans i t  t i mes , l ow dens i t i es 
h i gh neu t ron poros i ty i ndex , bu t iow 

Kerogen 
res i s t i v i ty .  

- Bas i ca l l y the same or  g reater effects 
on t�e poros i ty dev i ces as soft coa l ;  
dens i ty va l ues can be as l ow as 0 . 95 
gm/cc for a pure ke rogen bed . How
eve r ,  i t  s e l dom i s  found i n  pure form ; 
thus , o i l sha l e  ore of h i gh g rade may 
i ndeed appear as a coa l bed . Af ter  
a l l ,  o i l sha l e conta i ns so l i d  hyd ro
ca rbons . 

Washouts - These effect the con tact dev i ces-
dens i ty l ogs and s i dewa l l  neu t ron 
l ogs-- the mos t . A ho l e  ca l i pe r  i s  

CONCLUS I ON S  

a g reat he l p  in  these cases . Coa l s  
often w i l l  tend to cave or show an  
i ncrease i n  ho l e  s i ze , pa r t i cu l a r l y  
toward the bot tom of t he bed . Large
d i ameter washou ts  a re ra re oppos i te 
coa I bed s .  

Coa l beds def i n i te l y  can be i dent i f i ed by com
b i n i ng the proper l ogg i ng s u i te and some knowl edge of 
the geolog i ca l  sequ�nce be i ng s tud i e d .  

A I QkL.gamma ray. �ead i ng , a very h i gh poros i ty 
read i ng on the 3 so-ca I l ed poros i ty t06 Ts ';'��ac'ous t i c  
dens i ty or n§on":-and a h i .ih res!.: t i v i ty �eadTng �n
doubtei:l ly are ref l ect i ng the p resence of" coai"or kerogen . 
A knowledge of the geo l og i ca l  and geog ra ph i ca l  pos i t i on of the ho l e  can usua l l y determ i ne the type of bed en
countered . 

Once pos i t i ve coa l i de n t i f i ca t i ons a re es tab
l i shed , corre l a t i ons may be made w i th other we l l s where 
comprehens i ve data may be l i m i ted , thus add i ng to t he 
store of exp l ora t i on con t ro l . 
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METHANE FROM COAL 
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ABSTRACT:  Subsurface coa l m i n i ng ,  excep t  fo r meta l l u rg i ca l  coa l ,  is  not commonp l ace In  the Rocky Mou nta i n  
states . The deeper coa l beds cannot be m i ned econom i ca l l y  i n  compe t i t i on w i th  su rface m i n i ng where coa l i s  to 
be used on l y  as a fue l . Thus , methane em i s s i on f rom underg round m i nes i s  p resent l y  on l y  a prob l em w i th the 
higher ran k  coa l s .  Our  s tu d i es s how t ha t  the methane con tent  of coa l beds is  d i rec t l y  cor re l a tab l e  w i th ra n k ,  
a l l  other factors be i ng equa l .  

The U . S .  Bureau of M i nes ha s deve l oped a method to me.a s u re d i rec t l y  the gas con tent  of coa l bed s by 
test i ng cored coa l s  co l l ec ted I n  a stand a rd fas h i on . These d i rect meas u remen t s  of the ga s content  have been 
re lated to methane em i ss i ons  f rom opera t i ng m i nes . Thus , th i s  me t hod ma kes i t  poss i b l e  to determ i ne the resou rce 
base of the gas conta i ned in t he coa l bed and the effect of the em i s s i ons  on t he conta i ned ga s d u r i ng m i n i ng .  

I t  has been found tha t  i f  there i s  suff i c i en t  gas i n  the coa l to wa r ra n t  degas i f i ca t i on ,  then t here 
are four methods of d ra i n i ng gas from coa l beds .  These a re :  ( I ) vert i ca l  boreho l es ;  ( 2 )  hor i zon ta l boreho l es ;  
(3) slant ho l es ;  and ( 4 )  gob degas i f i ca t i on ho l es .  

I NTRODUCT I ON 

The U . S .  Bu reau of M i nes resea rch to da te on the 
degas i f i cat i on and ut  i I  i za t i on of methane f rom coa I beds 
has been concentra ted i n  the Appa l ac h i a n  coa l f i e l d s .  
However, i n  recent months the program has been expanded , 
and curren t l y  stud i es are be i ng cond uc ted i n  Col orado , 
Uta h , and Oklahoma . Mos t of ou r work  wes t of the M i s s i 
ss i ppi  i s  j ust s ta r t i ng .  S tud i es done i n  other coa l 
f i e l ds ,  however , can be re l a ted to Wes tern coa l s .  

The Bureau has been i nvo l ved i n  s tudy i ng 
methane gas i n  coa l for abou t 1 2  y r s .  One o f  t h e  mos t 
ser ious sa fety haza rds i n  underground coa l m i nes i s  
the occurrence of methane gas ( Humph rey , 1 959) . The 
gas em i tted from coa l requ i res constant  vent i l a t i on of 
the work i ng area ; occas iona l l y ,  when vent i l a t i on i s  i n
adequate, mi n i ng mus t  s top because of the dangers of 
exp los ions of methane-a i r  m i xt u res . Des p i te t he 
techno l ogy deve l oped anj:! knowl edge of the causes , there 
are st i l l  i gn i t ions of gas caus i ng exp l os ions a nd l os s  
of l ives . N i ne peopl e have l os t  t he i r  l i ves i n  Co l o rado 
a lone in the l a s t  I I  yea rs due to methane gas exp los  i ons . 

To get a bet ter p i cture  of the amoun t  of gas 
that coa l m i nes vent i l a te and em i t to the a tmos phere 
in  the Un i ted States , i t  has been ca l cu l a ted that more 
than 200 m i l l ion cu ft of gas pe r day i s  be i ng ven ted 
into the atmosphere . As of Ma rch 1 6 ,  1 976 , m i nes i n  
Colorado and Utah a l one vent 1 1 . 4 m i l l ion  cu f t  each  
day . More than  �3 b i l l i on cu ft  of  gas i s  was ted 
from U . S .  m i nes each yea r ,  of wh i c h  4 . 2  b i  I I  i on cu f t  
I s from Co l orado a n d  Utah m i  nes . I t takes abou t 450 
cu ft of gas per day to hea t or  coo l an average hou se 
In Denve r .  Th i s  means tha t the gas was ted f rom m i nes 
in  Utah and Col orado I s  enough to s u pp l y  the fue l needs 

I
Geo log i s t 

2Superv i sory Geo l og i s  t 
3HcCu i l och now w i t h  Dames & Moore , C i nc i n na t i ,  Oh i o .  

1976 Symposiwn on the Geology 
Of Rocky Mountain Coa�. p. 121-136 121 

of 25 , 000 homes i n  th i s  a r ea eac h  day .  Th i s  gas cou l d  
be compressed a nd pumped to gathe r i ng a reas , where i t  
cou l d  be  t ransm i t ted by t he p i pe l i ne sys tem a l ready 
ava i l a b l e ,  wh i ch has l i nes go i ng t h rough mos t of t he 
coa l reg i ons of Col orado ( F i g .  I ) .  

CURRENT WORK 

The Bu reau of M i nes i s  cond uc t i ng coopera t i ve 
s tud i es w i th the Co l orado , O k l ahoma , a nd Utah  Geo l og i 
ca l Su rvey s .  We are co l l ec t i ng d a ta on the coa l bed s 
i n  these s ta tes to determ i ne wh i ch coa l bed s a re t he 
ga ss i es t  and thus have the potent i a l  for met ha ne dra i nage 
ahead of m i n i ng .  

Our work  i s  conducted i n  th ree phases . F i rs t ,  
d a ta o n  the i nd i v i du a l  coa l s  ( i nc l ud i ng cores ) a re 
co l l ec ted to determ i ne the gas con tent of i mpor t a n t  
coa l beds .  I t  has been es t i ma ted ( Land i s  and Cone , 
1 97 1 )  that  approx i ma te l y  94 percen t of the coa l of 
Col orado w i l l  be ext racted by underground m i n i ng 
systems . I n  the second pha s e ,  a deta i l ed geo l og i c  
s tudy of s e l ec ted a reas i s  conducted to determ i ne the 
poten t i a l  effect of methane em i s s i ons  on m i n i ng and 
the poss i b i l i t i es of methane produc t i on f rom the coa l 
bed s . I n  the th i rd pha s e ,  a reas w i l l  be se l ec ted to 
p roduce methane so that the gas can be u t i l i zed ra t he r  
than vented t o  t h e  a tmos phere a n d  s o  tha t t h e  coa l can 
be m i ned w i thout danger of exp l os i ons of me thane-a i r  
m i xt u res . I n  t he Wes tern s ta tes , the Bureau i s  presen t l y  
i n  t he f i rs t  phase of the i nves t i ga t i on ,  whereas i n  
Appa l ach i a  i t  i s  i n  the th i rd phase . 

Wheh a comprehens i ve methane cont ro l  resea rch 
prog ram s ta r ted 1 2  y r s  ago , we had no c l ea r  unders tand i ng 
of t he factors tha t con t ro l l ed the gas content  of coa l 
beds . M i ne d i sas ters caused by exp l os i ons  of me tha ne
a i r  m i xtu res prov i ded no mea n i ngfu l c l ues . But  there 
was some exper i ence tha t i nd i ca ted tha t the h i g her ran k  
coa l s  were more gassy . 
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F i g .  1 .  Gas p i pe l  i nes i n  C o l o rado 

WESTERN COAL F I ELDS D I RECT METHOD OF DETERM I N I NG GAS CONTENT OF  A CDALBED 

On l y  a bou t 25 percent of the coa l i n  the Wes tern 
s ta tes i s  a bove subb i tum i nous in  rank ( F i g .  2 ) ; unt i l 
recen t l y ,  the rest of the coa l was cons i dered too l ow 
i n  gas  con tent per ton of coa l i n  p l ace to be concerned 
about . Th i s  was an e r ror , because whe re a b i tum i nous 
coa l m i ght  be 1 0  ft t h i ck and conta i n  300 cu ft of gas 
pe r ton , a subb i tum i nous coa l 1 00 ft th i ck ,  conta i n i ng 
40 cu f t  of gas pe r ton wou l d  compr i se an even l a rger 
resou rce of gas--and be j us t  a s  haze rdous to m i ne 
u nderg round . Wor k  by the U . S .  Geo l og i ca l  Su rvey i n
d i ca tes tha t gas has been de tected i n  the subb i tum i nous 
coa l s .  Today ,  because of h i gh cos t s , mos t  of the coa l s  
be i ng m i ned underg round i n  the Rocky Mou nta i n  reg ion  
a re meta l l u rg i ca l  coa l s .  Such coa l i s  of  h i gher ran k ;  
hence , more g a s  i s  p roduced p e r  ton m i ned . Th i s  can 
be seen on Tab l e  1 ,  wh i ch shows the methane product i on 
o f  u nderg round m i nes f rom Co l orado and U ta h . 

I II  me thane con t ro l , i t  i s  necessa ry to pred i ct 
or a ccu rate l y  es t i mate  the gas con terrt of a g i ven coa l 
bed . Once th i s  i s  done , i t  may be poss i b l e  to under
s tand why certa i n  coa l m i nes a t  g i ven depths a re much 
gass i er than others at the  same depth . 

The B u reau of M i nes has deve l oped a method of 
ca l cu l a t i ng the gas content of a coa l bed f rom exp lora
t i on cores ( K i s se l l and others , 1 973 ; McCu l l och a nd 
others , 1 975) . The res u l ts ca n be used to es t i mate 
the resou rce poten t i a l  of the coa l bed to produce gas and 
to des i g n  a n  adequa te vent i l a t i on sys tem for a coa l m i ne 
Th i s  was a n  i mportant  a ccomp l i s hme n t . Now we can est i 
ma te methane em i s s i on f rom a m i ne before i t  i s  opened .  

. The techn i que i s  s i mp l e ,  a s  i s  the equ i pment 
( F i g .  3 ) . Cos t for a l l  equ i pment neces sa ry shou l d  be 
under $ 1 00 .  The tes t i ng can be done i n  the f i e l d  
w i th no 1 abora tory work  requ i red . 1 t has  been ad�Pted 
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D Medium volatile and high 
volatile bituminous 

� Subbituminous 

D Lignite 

F i g .  2 . Coa l f i e l ds of t he Un i ted S ta tes ( prepared by U o  S .  Geo l og i ca l  S u rvey ) . 

by a number of coa I m i n  I ng and  consu I t  i ng eng i neer i ng 
compan ies and i s  rou t i ne l y  conducted as pa r t  of t he i r 
exp lora t i on prog rams . Membe rs of bot h  the  Co l o rado 
and Utah Geo l og i ca l S u rveys a l so can  run  t h i s  test a n d  
are w i l l i ng to a s s i s t  compa n i es i n  determ i n i ng the 
gas content of the i r coa 1 s .  The coa 1 samp 1 e necessa  ry 
for the tes t can be co l l ected f rom a ny type of h o l e 
dr i l led or cored to the coa l bed a s  l ong a s  the  coa l 
i ts e l f i s  cored . The d i ameter  of the samp l e  can  be 
of any s i ze .  The coo l i ng med i um u s ed i n  cor i ng can be 
a i r , m i s t ,  wa te r ,  o r  mud .  The on l y  d i fference th i s  
�kes i s  i n  ca l cu l at i ng the gas l os t  i n  b r i ng i ng the 
samp le to the su rface . I t  i s  i mpo r t a n t ,  once the coa l 
is cored , that the core ba r r e l  shou l d  be removed w i th

ou t  de l ay and the samp l e  p l a ced i n  the  conta i ne r  and  
the conta i ner sea l ed i mmed i a te l y  to  m i n i m i ze the amount  
of gas  l os t .  

The tes t can be conduc ted s ucces s f u l l y w i th as  
l i t t l e  as  1 00 g of coa l ,  b u t  more accurate  data  can  be  
�� i ned w i th l a rg e r  s amp l es of 1 , 000 g o r  more . 

Once the samp l e  has been sea l ed i n  the 
desorp t i on cann i s te r ,  t he gas pres s u re wi  1 1  bu i l d  up ; 
the gas em i t ted s hou l d  be re l eased pe r i od i ca l l y .  The 
i n i t i a l  em i ss i on s  of gas f rom the coa l a re the l a rges t ;  
the em i s s ir1n r a t e  decreases w i th t i me .  W i th i n  a few 

days , the em i s s i on r a te i s  l ow enough to req u i re  on l y  
one read i ng per day . 

To mea s u re em i s s i on ( F i g .  4) , the desorbed g a s  
i s  b l ed off t h rough a t u b e  a t tached secure l y  to t h e  
va l ve head i nto a n  i nverted g radua ted c y l i nd e r  f i l l ed 
w i th wa ter .  After  the f i r s t  day , the  g a s  em i tted s hou l d  
b e  meas u red once a day u n t i l  the da i l y emi s s i o n  h a s  
fa l l en be l ow 0 . 05 cm3/g/d for  5 consecu t i ve days , a s  
s een i n  t he P i t ts b u r gh and Beck l ey coa l bed samp l es 
s hown on F i g u re 5 .  Th i s  norma l l y  wou l d  take be tween 3 
and 4 weeks . At t h i s  t i me , the coa l samp l e  can  be 
taken f rom the conta i ne r  fo r a na l ys i s .  The gas s t i l l  
rema i n i ng i n  t he samp l e  ca n be es t i ma ted g ra ph i ca l l y 
(McCu l l och  and othe rs , 1 9 75) . 

After the  tota l ga s content  of t he samp l e  has  
been ca l cu l a ted , then  s i mp l y  d i v i d e the  we i gh t  of the  
samp l e ,  a nd the res u l tant  i s  the  cm3/g . 

U S E  OF D I RECT METHOD TO DETERM I N E I N- PLAC E GAS AND  
VENT I LAT I ON NEEDS  

Once the gas con te n t  of a samp l e  has been 
determ i ned , then the uses for these da ta a r e  twofo l d .  
They can  be u s ed to es t i ma te the vo l ume of a i r  that  
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F i g .  3 . Desorpt ion  equ i pment  d i sassemb l ed .  

w i l l  be necessary t o  vent i l a te a m i ne ( F i g .  6) . Th i s  
f i gure shows t he re l a t i onsh i p  of ga s em i s s ions  f rom 
known m i nes to the cm3/g of gas meas u red f rom spmp l es 
taken on the i r  prope r ty . The cor re l a t i on i s  good fo r 
ma tu re deep m i nes that have a susta i ned coa l product i on 
of at l east  seve ra l thousand tons per day . New m i nes 
em i t  l ess  me thane per ton of coa l m i ned than o l der  
m i nes w i th extens i ve o l d  wo rk i ng s  and  gob a reas tha t 
s t i  1 1  b l eed gas . 

For ex�mp l e ,  i f  a samp l e  from a m i ne property 
conta i ns 6 cm of gas per g ram of �oa l , then we wou l d  
est i ma te that a ma t u re m i ne wou l d  em i t  an average of 
1 , 200 cu ft  of gas for every ton of coa l m i ned . 

A l so ,  and i n  some cases more i mportan t l y ,  the 
data can be used to es t i ma te the amount of gas con ta i ned 
i n  a coa l bed to determ i ne i ts resou rce potent i a l . Th 'is 
k i nd of s tudy has been conduc ted i n  the Mary Lee group 
of coa l s  i n  A l a bama ( D i amond and others , 1 976) , and we 
hope to conduct s i m i l a r  s tud i es i n  the major  coa l beds 
i n  the Rocky Moun ta i n  s ta tes . F i gure  7 s hows desorp t i on 
d�ta for 1 2  samp l es f rom the Ma ry Lee coa l bed .  These 
samp l es we re obta i ned from depths rang i ng from 620 and 
2 , 200 ft  and from h i gh vo l a t i I e  to l ow vo l a t i l e i n  ra nk , 
respect i ve l y .  The re l a t ionS h i p  of ga s con tent to depth 
for these samp l es shows that  as depth of cover i ncreases , 

the gas content i nc reased for a g i ven coa l bed . 
Th i s  re l a t i onsh i p  ho l d s  t rue on l y  when samp les 

a t  d i fferent depths a re taken t h roughout a coa l bed to 
rep resent a s i gn i f i cant  range . S i m i l a r  re l a t i onsh i ps 
a l so have been found for the P i t t s b u rg h  coa l bed i n  West 
V i rg i n i a  and Pennsy l van i a  and  the Hartshorne coa l bed 
i n  Ok l ahoma . Once th i s  re l a t i onsh i p  i s  known , an over
bu rden i sopach map ( F i g .  8) i s  d rawn . By us i ng over
bu rden and coa l i sopach maps , and know i ng the re l at i on
sh i p  of gas con tent to depth , the gas resource I n  a 
coa l bed ca n be ca l cu l a ted . For examp l e ,  i t  has been 
es t i ma ted tha t more than 1 t r i l l  i on cu ft of methane is  
con ta i ned i n  the coa l s  of the  Ma ry Lee g rou p . I t  a l so 
wa s es t i ma ted tha t approx i ma te l y  90 pe rcen t  of the 
methane occurs at depths g reater  than 1 , 000 f t ;  more 
than one-ha l f  of the gas i s  conta i ned w i th i n  on l y  1 2  
pe rcen t o f  the s tudy a rea a t  depths  g rea ter than 1 , 500 
f t .  Th i s  makes th i s  a rea i mportant  not on l y  for coa l 
p roduc t i on but a l so as a poten t i a l  sou rce of natu ra l 
ga s .  

A p l o t  of ove rburden versus  gas con tent for 
a l l  coa l samp l e s  tes ted i s  shown on F i gure  9 .  Th i s  
p l ot shows a v:ry poor cor re l a t i o n  of gas con tent wi th 
depth. and obV I ous l y  i s  not accu rate enough to use for 
pred i ct i on of gas conten t .  The refore , depth  a l one i s  
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Fig . 4.  Desorption equipment assembled for use. 

not the control I i ng factor. 
Another graph i s  shown (F i g .  ] 0) that rela tes 

the gas content of a coal to i ts rank . F i xed carbon 
(mo isture- and ash-free) is used as the rank ind i ca tor. 
H i gh-volat i  I e  coals conta i n  l i ttle gas, usually on the 
order of 1 to 6 cm3/g or 32 to 192 ft3/ton The medium
volat i le coals conta i n  between 6 a nd 12 cm

J
/g, and the 

low-volat!le coals conta i n  much more gas (between 10 
and 19 Clll /g, or 320 to 608 ft '/ton) . Most of the 
Western coals are h i gh-vola t i le, at least around the 
edges of the bas i ns and under rela tively shallow over
burdens, so we should not expect much gas ; however, in 
some areas the Western coals are of higher rank and 
also are bur i ed much deeper. These a re the areas where � i gh rates of emission of methane can be ant i c i pa ted 
I f  the coals are to be mined u nderground . 

By using th i s  graph (F i g .  1 0), i t  may be 
poss i ble to estimate the gas content of a coal simply 
by know i ng only the percentage of fixed carbon. After 
further testing, this type of graph may be used to 
esti mate the gas content of a coal when no samples are 
ava ilable for d i rect test i ng. At present, the direct 
method of test i ng i ?  st i 11 the best a nd most accurate 
way to determ i ne the gas content of a coal bed. 

The rank of the coals i n  the 8 coal reg i ons of 
Colorado has been est i mated ; the ranges of fixed carbon 
are shown on Table 2 .  For example, the U i nta-P i ceance 
Creek bas i n  has a much greater potential gas product i on 
tha n certa i n  other well-def i ned areas, such as the 
North Park basi n .  

But th i s  ra i ses another quest i on .  What happens 
to the rank of a coalbed w i th greatly i ncreased depth ? 
What happens to a h i gh-vola t i le coal 1 i ke the Vermej o 
coalbed i n  the Raton bas i n  when its depth increases 
from 700 to 2,000 to 5,000 ft? There i s  a strong 
l i kelihood that the ra n k  will i ncrease. For example, 
aga i n  relating the Mary Lee coal i n  Ala bama to the 
Western . coals- - i t  is a h i gh-vola t i le coal under 500 ft 
of cover, but i n  two new m i nes w i th more than 1 , 500 ft 
of cover, the Mary Lee is a low-volat i le coal . The 
m i nes a t  a depth of 500 ft have no methane control 
problem, but those w i th more than 1,50 0  f t  of cover 
are em i tt i ng more tha n  3,500 cu ft of gas for every 
ton of coal m i ned . Th i s  means a m i ne that w i ll produce 
3, 000 tons per day must vent i late 1 0.5 m i l l i o n  cu ft 
of methane. Anyone work i ng in the Rocky Mounta i n  coal
f i elds should cons i der th i s  and be concerned as deep 
m i nes are planned . 
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FOUR METHODS AVA I LABLE FOR DEGAS I F I CAT I ON 

Once the gas con tent  of a coa l bed �as been 
determi ned by the d i rec t method , i t  mus t be eva l ua ted 
as to i ts poten t i a l  fo r p roduc i ng ga s .  I f  i t  i s  
determ i ned that the re i s  suff i c i en t  gas  p resent to 
warrant some type of degas i f i ca t i on ,  then there a re 4 
poss i b l e  methods ava i l ab l e  today that  the Bu reau has  
deve l oped �nd i s  cons tan t l y  mod i fy i n g .  

Vert i ca 1 Boreho 1 es 

The f i rs t  i s  degas i f i ca t i on t h rough ve r t i ca l  
boreho les . These a re ho l es d r i l l ed to the coa l tha t 
are norma l l y  of 6- i n .  d i amete r ,  cased to 4- 1 /2 i n . ,  
and cemented . I t  i s  i mpo r ta n t  tha t the coa l be l e f t  
free o f  p i pe a nd cement i f  poss i b l e .  G a s  f l ow i n to a 
boreho l e  i s  dependent upon coa l bed permeab i l i ty and  
format i on pressu re . Some examp l es of meas ured p res s u res 
are shown on Tab l e  3 .  I t  shou l d  be noted tha t i n  o rder  
for the gas  to  f l ow f ree 1 y ,  the  coa 1 bed  mus  t be de
watered . A g rea ter ra te of degas i f i ca t i on can be 
achi eved by i ncreas i ng coa l bed permeab i l i ty i n  the 
dra i nage a rea and by i nc rea s i ng the s ur face a rea ex-
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F ig .  6. Gas content  of coa l ve rsus  actua l m i ne 
em i ss ion . 

20 

posed for more rap i d  desorp t i o n .  Hyd rau l i c s t i mu l a t i on 
i s  one me thod of accomp l i s h i ng th i s  ( E l de r  and  Deu l , 
1 975) . F i g u re 1 1  shows the ma r ked i nc rease due to 
hyd ra u l i c  s t i mu l a t i on of the P i t t s bu rg h  coa l bed ( h i gh 
vo l a t i l e ) u �d e r  400 f t  of overbu rden i n  Wa sh i n g ton  
County , Pa . 

There  a re severa l k i nd s  of s t i mu l a t i o n  t rea t
ments ava i l a b l e .  Norma l l y a 1 0 , 000-ga l t rea tme n t  
w i th 5 , 000 l bs o f  sand a s  a p ropp i ng agent  i s  u s ed . 
An i nc rea se i n  gas  produc t i on  of between 5 a n d  20 t i mes 
the p res t i mu l a t i on f l ows ( F i g .  1 2 ) has been obse rved . 
I f  i t  was a nt i c i pa ted tha t degas i f i ca t i o n  wou l d  b e  
necessa ry , t h e n  i t  wou l d  be pos s i b l e  to l a y ou t t he 
ho l es i n  such  a way t ha t  the  ho l es cou l d  be u sed f o r  
degas i f i ca t i on i n i t i a l l y  be fore m i n i n g  reached t h e  
a rea , a s  powe r-d rop o r  rock-dus t s u pp l y  h o l es d u r i ng 
m i n i ng ,  and  a s  gob degas i f i ca t i on ho l es a f t e r  re t rea t 
m i n i ng .  

Hor i zo n ta l Boreho l es 

A second me thod a va i l a b l e  for degas i f i ca t i on 
i s  t he use  o f  hor i zonta l ho l es d r i l l ed i n to the  coa l 
bed f rom the bot tom o f  a s ha f t  ( F i g .  1 3 )  o r  f rom a n  
a dvanc i ng e n t ry . Th i s  me thod requ i res e i ther  t h a t  a 
m i ne a l ready ex i s ts o r  i s  pas t  t h e  p l a n n i ng s ta ge a n d  
s ha f t  s i tes have been s e l ec ted (Cerv i k  a n d  o t he r s , 
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F i g .  7 .  G a s  content  of coa l s amp l es versus  dep t h  
o f  s amp l es f rom Mary Lee coa l bed i n  A l a bama . 
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TABLE I - Methane em i s s i on of underg ro�nd mi nes 
i n  Co l o rado and Utah,  ft  /d  

Sta te a nd M i ne 

Utah 

Carbon Fuel No . 3 . • • . . • . • . . • • • . • • •  

Sol d i er Canyon . • . • . • • • • . • . . • • • . . . .  

Sunnys ide No . I . . . . . . . . . . . . . . . . . .  . 

Sunnys i de No . 2 . . . • . . . • • . . . • . • • . • .  

Sunnys i de No. 3 • • • . . . • • • . • • • . . . • . .  Emery . • • . • . . . . . • • . • . . • . . • . . . . . • . • .  

Al l e n  
Bear 
Coa I Bas i n 
Dutch Creek No . I 
Hawk ' s  Nes t No . 3 
Hawk ' 5 Nes t Ea s t 
Eag l e  
CHC 
Bear Creek 
Somerset 
Dutch Creek No . 2 
L .  S . Wood 

Col orado 

1 64 , 000 
1 64 , 000 

1 , 368 , 000 
36 , 000 

395 , 000 
1 05 , 000 

452 , 000 
65 , 000 

1 , 1 68 , 000 
1 , 1 93 , 000 

68, 560 
6 , 600 
7 , 000 

24 , 000 
650 , 000 
850 , 000 

1 , 292 , 000 
3 , 338, 8 1 2  

• 

• 

.. . 
. . 

• 

• 

Fig , 9. Gas content versus ove rbu rden for a l l 
samp 1 es tes ted . 

• 

TABLE 2 - Ranges of f i xed ca rbon i n  Co l o rado 
coa l reg i ons 

Coa l - Bea r i ng Reg ion  
F i xed ca rbon (maf )  range 

G reen R i ver • • . . • • . . . . . . . . • • . . • . .  

Nor th Park . • . . • • . • • . • . . • . . . • • . . .  

South Pa rk . . . . . . • . • . . . . . . . . . . . • .  

Canyon C i ty Embayment . • . . . . • . • . •  

Denver - C heyenne . . • . . . . . . • . . . • • . 

Ra ton • . . . . . . • • . . . . . . . . • . . . . . . • • •  

U i n ta- P i ceance . . . . . . . . . • . . • • • . . •  

San Juan . . . . . . . . . . . . . . . . . . • • . • . .  

48-59 
38-56 
54?  
40-6 1 
46- 6 1  
44-60 
48-86 
43- 6 1  

1 975) . A n  examp l e  o f  th i s  i s  the ser i es o f  7 hor i zo n ta l 
degas i f i ca t i on ho l es ( F i g .  1 4) d r i l l ed i n to the P i t ts 
burgh coa l bed f rom a sma l l  s ha f t  d r i l l ed for t h a t  p u r 
pose ( F i e l ds a nd othe r s ,  1 973) . A f t e r  1 , 267 days of 
degas i f i ca t i o n ,  74 1 m i l l i on cu ft  of gas has  been re
moved f rom the P i ttsburgh  coa l bed . A l so 344 m i l l i on cu 
f t  of th i s  gas had been purchased by a gas  company , a nd , 
w i t h  the use of a compres so r ,  put i nto t he i r gas l i nes (F i e l ds and others , 1 975) . The agg regate l en g t h  of 
these 7 ho l es i s  4 , 325 f t ;  to date , the gas p roduced 
f rom these ho l es amounts  to 1 35 cu f t  per day per  
l i nea r f t .  Th i s  type o f  work  cou l d  b e  done f rom a m i ne 
shaft  that  had been s u n k  5 y rs before i t  wou l d  be 
needed for vent i l a t i on or m i n i ng ,  a nd the gas so p ro
duced s hou l d  more than pay for the i nves tme n t , wh i l e 
a t  the same t i me mak i ng m i n i ng safer a nd more p ro
duc t i ve .  

Another s i te for degas i f i ca t i on f rom hor i zo n ta l 
ho l es f rom a shaft  bottom ,  a t  the Honey Run  s ha f t ,  a l s o  
i n  t h e  P i t tsbu rgh coa l bed , h a s  a s i m i l a r  p roduc t i on 
record . Over 724 m i l l i on cu f t  has been produced i n  
974 days , as  of Apr i l  1 4 ,  1 976 . Th i s  hor i zonta l ho l e  
i s  averag i ng ove r 740 , 000 c u  f t  of methane per day • 

Over 1 03 m i l l i on cu f t  of th i s  q uan t i ty of gas has  been 
p l aced i nto a p i pe l i ne and so l d .  The agg regate l en g t h  
of these 5 hol es i s  5 , 830 f t ;  t o  d a te , the g a s  p roduct i on 
has been 1 28 cu f t  pe r day pe r l i nea r f t .  

The other me thod of us i ng hor i zonta l ho l es i s  
d r i l l i ng them i n  advance of a wor k i ng s ec t i on i n  out
s i de ent r i es .  Th i s  method wou l d  be used to degas i fy 
a sec t i o n  of coa l underground . The gas d ra i ned f rom the  
coa l wou l d  have to  be  p i ped th rough a man i fo l d  sys tem 
to the surface . 

Hor i zonta l ho l es a l so a re used to degas i fy 
1 ongwa 1 1 pane l s  by s i mp l y  d r i l l i ng a ser i es of hor i 
zonta l ho l es i nto the pane l a nd a l l ow i ng i t  to de
gas i fy du r i ng deve l opmen t .  

S l ant-Ho l e  Dr i l l  i ng 

The th i rd method i s  s t i l l  expe r i menta l .  
D i rec t i ona l d r i l l i ng i s  a techn i que that has been used 
for some t i me i n  the o i l and gas i nd u s t ry . We have 
adop ted and mod i f i ed t h i s  techn i que to d r i l l  ho l e s  
f rom t h e  vert i ca l  o n  t h e  su rface t o  i ntersect t h e  coa l 
a t  a g l anc i ng a ng l e  and to rema i n  hor i zonta l i n  the 
coa l bed ( F i g .  1 5 ) . Th i s  type of degas i f i ca t i on com
b i nes the tech n i ques of vert i ca l  d r i l l i ng w i th hor i 
zonta l degas i f i ca t i on . The f i r s t  s l a n t  ho l e  we 
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F i g .  1 0 . Gas content ver s u s  rank.  

a ttempted was in  the P i t t s b u rgh coa l bed in  Wes t 
V i rg i n i a  ( F i g .  1 6) . I t  i nt ersected the coa l success
f u l l y and d r i l l i ng cont i nued for 420 ft hor i zonta l l y 
i n  the coa l . Pumps a nd t ub i ng a re set  up on the s i te ,  
a n d  gas p roduc t i on shou l d  beg i n  b y  May I ,  1 97 6 .  

Gob Degas i f i ca t i on 

The fou rth  method of degas i f i ca t i on for 
l a rger m i nes i s  gob degas i f i ca t i on ( E l de r  and others , 
1 969 ; Moo re and Zabetak i s ,  1 972) . Th i s  enta i l s  

d r i l l i ng a s e r i es of ve r t i ca l  ho l es i nto a gob a rea 
to b l eed gas f rom the gob ( F i g .  1 7 ) and hence pre
vent i ng i ts e n t ry i n to the return  a i r .  A s l ot ted p i pe 
i s  used . Th i s  tech n i que i s  the same as tha t used i n  
vert i ca l  ho l es ,  except tha t the rock i s  not hyd rau l i 
ca l l y f ract u red . Gob degas i f i ca t i on can resu l t  i n  a 
substant i a l  reduc t i on i n  the methane con tent of the 
vent i l at i on a i r .  F i gu re 1 8  s hows the red uc t i on of 
methane f rom gob degas i f i ca t i on i n  the  Pocahontas No . 
3 coa l bed i n  V i rg i n i a .  Mon i to r i ng of retu rns  f rom 
l ongwa l l  panel s  have shown s i gn i f i ca n t  reduc t i ons of 
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TABLE 3 .  - Gas pres s u res a nd depths f rom ve r t i ca l  boreho l es 

P ressu re Depth to 
Loca t i o n ,  mea s u r�d ,  base o f  

Coa l bed Countt a n d  S t a te I b/ i n  coa l !  f t  

P i  t tsbu rgh Ma r i on ,  W . Va .  1 68 930 
Do . Mononga l i a ,  W . Va .  250 800 
Do . Wa sh i ngton , Pa . 1 46 450 

Lower H a r t s ho rne LeF l o r e ;  O k l a .  253 570 
Do . Haske l l ,  O k l a .  670 1 , 4 1 0  

Pocahontas No . 3 Wyom i ng ,  W . Va . 1 58 765 
Do . Buchana n ,  Va . 580 1 , 4 1 5  

Ma ry Lee Jefferson , A l a .  396 1 , 050 

Cas t l egate Subseam No . 3 Ca rbon , U tah  266 980 

I I I i no i s No . 6 Jefferson , 1 1 1 .  1 20 735 
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Ef fect of Hydraulic  S t imu la t i on o n  Ga s and Wa t e r P ro d u c t i o n 

Avg g a s  p r od uc - Avg wa t e r  p r o d u c -
.Coal bed t i on ra t e  f t 3 / d  t i on ra t e  ga l / h r 

Be f ore Af t e r  Be f o r e  Af t e r 

Pocahont as No . 3 6 00 1 2 , 00 0  1 . 3  2 . 9  

Pi tt sburgh 7 , 000 35 , 7 5 0  5 . 6 2 6 . 3  

F i g .  1 2 ,  Gas product i on f rom ver t i ca l  boreho l es before and after  hyd rau l i c f ractu r i ng . 

methane em i s s i ons . Th i s  reduc t i on wou l d  make i t  
poss i b l e  to m i ne for l onger per i ods of t i me w i thou t 
cos t l y  shu tdowns . 

H i gh gas f l ows have been observed . A ho l e  i n  
the Pocahontas No . 3 coa l bed ye i l ded over  800 , 000 cu ft  
of  h i gh-pu r i ty me thane per day unde r f ree- f l ow cond i 
t i ons . More than 1 79 m i l l i on cu ft  was removed i n  a 
1 5-month pe r i od .  The methane concen t rat i on of the gas 
d i scha rged by the boreho l e  du r i ng the s tudy per i od 
ranged f rom 77 to 1 00 percent . Th i s  occu r red when 
m i n i ng had j u s t  prog ressed pas t the ho l e .  A yea r l ater 
the methane conce n t ra t i on was s t i l l  ave rag i ng 43 to 45 
pe rcent , h i gh enough for use as  a fue l . 

The ch i ef resu l t  of th i s  degas i f i ca t ion method 
i s  that the methane f l ow rate decreased underg round 
and l a rge f l uctua t i ons i n  that f l ow rate were e l i m i na ted . 
Th i s  method cou l d  be adap ted for Wes tern m i np.s us i ng 
l ongwa l l sys tems tha t have h i gh gas em i ss i ons from 
the i r gob . 

SUMMARY 

The em i ss i on of methane i s  one of the mos t 
ser i ous safety haza rds faced i n  underg round m i n ' ng 
today . M i nes i n  Co l o rado and U tah today em i t  over 1 1  
m i l l i on cu f t  of gas each day ; as m i n i ng prog resses 
and as new and deeper m i nes come i n to product ion ,  the 
qua n t i ty of vented methane wi l l  i nc rease . 

For a m i ne to formu l a te a p l a n  to adequat e l y  
cope w i th methane emi s s i on f rom the m i ned coa l bed , 
the methane content of tha t coa l mus t be accu rate l y  
es t i ma ted . 

A techn i que has been deve l oped by the U . S .  
Bu reau of M i nes to accu ra te l y  es t i ma te the methane 
content of a coa l core f rom a d r i l l  hol e .  The equ i p
ment  i s  s i mp l e  and i ts tota l cos t i s  l ess  than $ 1 00 .  
The tests can be run I n  the f i e l d ,  and no l abora tory 
work or tes t i ng I s  requ i red . There a re two ma i n  uses 
for the resu l ts :  ( 1 )  To es t i ma te the resource potent i a l  

I 
83911 

F i g .  1 3 . Mut l purpose boreho l e .  
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F i g .  1 5 . P l an v i ew of proposed s l ant ho l e .  
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LEGEND 
c:::=J Undefined 

� Shale 

� Sandy shale with sand
stone streaks and 
partings 

� Sandy shale 

�.:: . .  @ Sheley sandstone 

[ . ··' ·3 Micaceous sandstone f�·· ·7·:1 Micaceous sandstone 
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1/ ·"1 Sandstone and quartzite 

1::::-,.>4 Quartzite 
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_ Coal 

_ Soney coal 

F i g .  1 7 . S t rata and s l ot ted p i pe for gob degas i f i cat i on .  
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Fig .  18. Red uction of metnane I n  mine workings from gob d egas l f l ca t l on . 

of the coalb.ed for possib l e  gas produ ction, and (2) to 
assist i n  des igning an adequate vent i l ation system to 
hand l e  the methane em i ssions ant i c i pated. 

If the tests indicate that the methane content 
is sufficient, then degasification of the coa l p r i o r 
to min i ng could be planned. The re are 4 methods pre
sent l y  ava i lable fo r th i s. These a re: ( I )  vertical 
boreho l es ;  (2) ho r i zontal bo reho l es ;  (3) s l ant ho l es ;  
and ( 4 )  gob degasification holes. 

The degasif i cat i on technique ultimately selected 
w i l l  depend upon ind i v i dua l mine cond i t i ons. Degasi
ficat i on takes t i me, so advance p l a nn i ng i s  essentia l .  
The specific techniques to be used also w i l l  depend on 
the need to i ncrease m i ne safety, mine productivity, 
and a ready ma r ket for the produced gas. 
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COAL ANALYSIS: 

WHY, WHERE, WHEN, AND HOW 

LLOYD W. TAYLOR :  Commercial Testing and Engineering Company 

Denver, Colorado 80239 

ABSTRACT : Th i s  pape r exp l a i ns t ha t  t he why ,  o r  need , for coa l ana l yses i s  due ma i n l y to the he te rogene i ty of the 
comp l ex hydroca rbon , coa l . I t  a l so touches on how the geo l og i ca l  format ion  occur red and affec ted the f i na l  p ro
duct , coa I . 

DEVELOPMENT AND NEED  FOR COAL C HARACTER I ZAT I ON TESTS : Exp l a i ns the reason , need , and deve l opment of 
our current s tanda r l zed tests  t h a t  a re used and accepted wor l dw i de .  I t  a l so recog n i zes today ' s  organ i za t i ons that 
are cont i nua l l y wor k i ng to deve l op new tests  and upda te our cur ren t ones . 

COAL SAMP L I NG AND P REPARAT I ON PARAMETERS : Covers some of the bas i c  prob l ems and accepta b l e  approaches 
to samp l i ng and p repa r i ng coa l samp l es fo r l abo ratory ana l yses . The pa ramete rs govern i ng the samp l i ng of coa l s  
by hand or mechan i ca l  samp l e rs  f rom bu l k  s torage p i l es ,  un i t  t ra i n  l oadou ts , and coa l -core d r i l l i ng prog rams a re 
g i ven and exp l a i ned . The bas i c  theory of p repa r i ng the g ross samp l e  fo r the des i red a n a l yses i s  a l so covered . 

COAL CHARACTER I ZAT I O N  TESTS : Th i s  ou t l i nes the mos t acceptab l e  and mos t  f requen t l y  used coa l 
characte r i zat i on tes t s  norma l l y pe rformed i n  the modern  coa l l aboratory today . I t  a l so exp l a i ns how some of 
these tests a re used i n  eva l ua t i ng a g i ven coa l for a g i ven use by the u l t i mate con sume r .  

COAL ANALYSES : WHY ?  

The bas i c  answer t o  th i s  que s t i on c a n  be summed 
up i nto one word . There a re a number  of good rea sons , 
but the one word that desc r i bes i t  bes t i s  economics . 

I n  our cap i ta l i s t i c  form of gove rnmen t ,  and 
I am sure that each of us  i s  awa re that  i t  i s  a cap i ta l 
ist i e  government , as i t  def i n i te l y  has a l l of  the 
cap i ta l - -ou r cap i ta l !  Econom i cs d oes and must p l ay a 
major  ro le  i n  a l l of our  endeavors . I t  has perm i t ted 
u s  to bu i Id the g rea test nat i on that ever ex i sted on 
the face of th i s  God ' s  g reen ea rth . 

Th i s  rem i nd s  me of a n  occu r rence a few short  
years back that  po i n ts  th i s  out q u i te v i v i d l y .  I was 
attend i ng one of the meet i n g s  of o u r  I oca I Denve r 
�a l C l ub ,  and the speaker wa s speak i ng on the va r i ous 
app roaches to coa l gas i f i ca t i on and  other coa l conve r
s i on processes .  After h i s  ta l k ,  and d u r i ng the ques t i on 
and answer per i od , he was asked i f  there had been deve l 
oped newer and bet ter  pa rameters , other  than t he cus to
mary and "h i s tor i ca l  pa rameters  curren t l y  i n  use tha t 
�u ld better def i ne a spec i f i c  coa l  f o r  use i n  the v a r i ous 
gas i f ica t i on or  conve r s i on p roce s ses . He rep l i ed tha t 
the cur rent , bes t  bas i c  eva l ua t i on wa s ,  a s  i n  the pas t ,  
h� many Btu ' s  does one get  fo r h i s  d o l l a r .  

To rev i ew b r i ef l y  the whys and wherefores of 
coa l ,  we mu s t  def i ne i t  a nd cons i d e r  how coa l came i n to 
be i ng . 

Coa l may be def i ned geo l og i ca l l y  as a combus t i 
bl e ,  carbonaceous rock composed p r i nc i pa l l y  of ca rbon , 
hydrogen, n i t roge n ,  oxygen , su l fu r ,  a nd m i nera l ma t te r .  
I t  i s  a h i gh I y comp I e x  a n d  hete rogeneous hyd roca rbon , 
a� i t  has e l uded off i c i a l  chem i ca l  fo rmu l a t i on because 
of the comp l ex va r i ety  o f  chem i ca l  bond s t ructu re s ,  and 
because of va r i a t i ons i n  the amoun t  of i dent i f i a b l e  
coa l  spec i es f rom coa l depos i t  to coa l depos i t .  

I n  add i t i on to i t s chem i ca l  heterogene i ty ,  coa l s  
1976 Symposium on the Geology of Rocky Mountain Coal, p. 1 3 7- 1 41 137 

conta i n  va ry i ng amounts of ext raneous m i ne ra l  mat ter . 
Because these var i a t i ons  change both chem i ca l and phys i 
ca l proper t i es , coa l cha racte r i za t i on ana l yses a re ex
t reme l y  i mportant  to p roducers and consumers of coa l . 

The chem i ca l  and the p rox i mate ana l yses of coa l 
and of other so l i d  fue l s  a re s t r i ct l y  l i nked w i th the 
chem i s t ry and the techno l ogy of the s o l i d  na t u ra l raw 
ma ter i a l s  used i n  the gene rat i on of powe r ,  chem i ca l  
ut i l i za t i on ,  and other appa rent a reas i n  wh i ch coa l 
can and w i l l  be used . Ana l ys i s  y i e l d s  i nforma t i on 
conce rn i ng the s t ructure ,  the chem i ca l  na t u re ,  and 
other p ropert i es of a sol i d  fuel . I t  i s , therefo re , 
not on l y  the bas i c  too l of sc i ent i f i c resea rch on the 
chem i s t ry of coa l , bu t a l so ,  i n  i nd u s t r i a l  pract i ce ,  
a n  i nd i spensab l e  factor  w i thout wh i ch the prepa ra t i on 
and the econom i c  u t i l i za t i on of coa l and other sol i d  
fue l s  wou l d  be i mpos s i b l e .  

The know l edge tha t  we have obta i ned over the 
yea r s , rega rd i ng the sol i d  fue l s ,  can be a t t r i bu tab l e  
to the nat u ra l  sc i ences , p r i nc i pa l l y  t o  geo l ogy ,  pe t ro
g raphy , and pa l aeobotany , bu t above a l l to chem i s t ry 
and phys i ca l  chem i s t ry .  The u l t i ma te ana l yses o f  coa l 
have s hown tha t  the orga n i c  ma t ter  of the natura l sol i d  
fue l s  cons i s ts , p ract i ca l l y speak i ng ,  o f  on l y  5 e l ement s :  
ca rbon , hyd rogen , oxygen , n i t rogen , and organ i c  su l fu r .  

Coa l hete rogene i ty ,  both chem i ca l  and phys i ca l , 
ref l ec t s  the h i s tory of i t s forma t i on .  The maj or  coa l 
depos i t s of the eastern U n i ted States or i g i na ted approx i 
ma te l y  1 50 to 300 m i l l i on yea rs  ago i n  the swamp fores ts 
of the Ca rbon i fe rous Pe r i od .  At  that t i me ,  the Ea r th ' s  
m i l d  c l i mate encou raged vast  g rowths of p r i m i t i ve t rees 
and vegeta t i on . Approx i ma te l y  3 to 7 ft of compacted 
p l an t  ma ter i a l  was requ i red to form one ft of b i tum i nous 
coa l . The forma t i on of the coa l f rom these vast g rowths 
of vegetat i on was accomp l i shed by very spec i a l  chem i ca l  
and phys i ca l  t ra n s forma t i on under ext reme heat a nd 
p res s u r e .  The prog ress i ve a l tera t i on f rom pea t th roua�  



-

1 3 8  L .  W .  TAYLOR 

a ser i es of coa l s  rang i ng f rom l i gn i te to anthrac i te wa s a t i me-consum i ng p roces s .  
Today , the u t i l i za t i on of th i s  f i na l  p roduct-

coa l -- i nc l udes the f i r i ng of i ndus t r i a l  and u t i l i ty 
bo i l ers , convers i on to coke for chem i ca l  and meta l l ur 
g i ca l  purposes , gas i f i ca t i on ,  a n d  l i qu i fact i on .  I t  i s  
a l so a raw ma ter i a l  for a w i de range of app l  i ca t i ons  
i n  the  chem i ca l  i ndus t ry ,  e i ther  d i rect l y  o r  as a 
by-p roduct of other  a reas of u t i l i zat i on .  Because of 
i ts heterogeneous a nd comp l ex compos i t i on ,  not a l l 
coa l s  are  su i tab l e  for these pu rposes . Even w i t h i n  one 
of these genera l c l as s i f i ca t i ons , there a re subd i v i s i ons : 
For examp l e ,  coa l s  su i ta b l e  for g rate- type bo i l ers  may 
not be su i ta b l e  for cyc l one f i r i ng .  I f  on l y  for t hese 
reasons , each coa l mus t  be subj ected to a number of 
chem i ca l  and phys i ca l  tes ts to dete rm i ne i ts su i ta
b i l i ty for a spec i f i c  use and app l i ca t i on to a des i red 
market . 

I n  the ea r l y  1 9t h  Cen tury ,  Jed rzej Sn i adeck i , 
an outs tand i ng Po l i sh  chem i s t ,  p roposed the fo l l ow i n� 
u neq u i voca l v i ews on page 287 i n  h i s  Vo l ume I I ,  
" I n t rod uc t i on to Chem i s t ry " :  

"Ea r th coa l , o r  m i ne r a l  coa l ( l i than t rax) , 
i s  found i n  vas t  seams , o r  s t ra ta , i n  
younger mounta i n s  or i n  p l a i ns made up of 
the same s t ra ta . These coa l s t ra ta , hor i 
zonta l o r  s l op i ng , usua l l y  a l terna te w i th 
s t rata of c l ay , sands tone , o r  l i mestone , 
and a re some t i mes s i tua ted a t  very g rea t 
depths . Coa l i s  a l ways b l ack ;  i t s l us ter  
i s  s ha rp ,  a l most  meta l l i c ;  i t  i s  rather 
hard , and of cou rse made up  of f l akes ; i t  
i s  d i ff i c u l t  to i gn i  t i on [ S i e l , bu t once 
i gn i ted i t  g i ves a very s t rong f i re and 
burns a l ong t i me .  [ . . .  J Mos t na t u ra l i s ts  
see in  Earth  coa l re l i cs  of wood , decom
posed by sea wa ter and by the orga n i sms 
d i sso 1 ved i n  the sea .  I ndeed , recogn i zab 1 e 
p l an t s  and t rees are often found part l y  
a l tered i nto coa l ove r l y i ng t he seams . 
Moreove r ,  the l ayers of ea rth  and rocks over
l y i ng the coa l , o r  a l ternat i ng w i t h  the 
coa l seams , con ta i n  she l l s  or the rema i ns 
of sea f i sh ;  th i s  seems to prove that de
pos i ts of p l a n t  and a n i ma l  organ i sms accumu
l a ted on the sea f l oo r  and subsequent l y  bu r i ed 
i n  earth  con s t i tuted the or i g i n  of the 
m i nera l coa l , a fact  v i s i b ly conf i rmed 
by the d i s t i l l a t i on of coa l and  the evo l u
t i on of ammon i a  by f i re . The depos i ts of 
Earth  coa l a re thus t he work of the sea 
and the re l i cs of p l ant  as  we l l  as  a n i ma l  
organ i sms ; i n  pa r t i cu l a r ,  the fatness runn i ng 
t h rough t hem seems to be of a n i ma l  rather 
than p l an t  o r i g i n .  [ • . •  J Not a l ways and 
not everywhe re i s  Earth  coa l exact l y  the 
same , wh i ch i s  why i t  has been d i v i ded 
i nto d i fferent spec i es . "  

I n  v i ew o f  the above , i t  i s  easy to understand 
that the demand and subsequen t deve l opment  of ana l y t i ca l  
tech n i ques su i ta b l e  fo r research and deve l opment  work ,  
as  we l l  as t he rou t i ne tes ts for  use i n  i ndust r i a l  
p ract i ce ,  has res u l ted i n  the deve l opment and the 
adop t i on of a g rea t va r i ety of proced u res , some of 
wh i ch a re more va l uab l e  than others . I n  resea rch and 
i ndust r i a l  l aboratory pract i ce ,  many of the method s 
sugges ted we re rej ected f rom the s t a r t , others  needed 

i mp rovement s  and mod i f i ca t i on s ,  wh i l e  many have proved 
the i r  g rea t p ract i ca l  va l ue .  The deve l opme n t  of these 
accep tab l e  pract i ces , me thod s ,  a nd techn i q ues  has  thus 
been a s l ow and l engthy p roces s .  

COAL ANALYSE S :  WHE RE ?  

Th i s  i s  a very s i mp l e  ques t i o n ,  and i t  has a 
very s i mp l e  answe r :  I n  a competen t a nd qua l i f i ed coa l 
tes t i ng l abora tory . I t  cannot be s t res sed too much 
tha t the l aboratory must have proper know l edge and back: 
g round i n  i ts f i e l d  of endeavor . A l a rge number of 
the tes t s  for coa l character i st i c s  a re emp i r i ca l , that 
i s , the tes t mus t  be run by u s i ng the very same type 
of eq u i pment and the p rocedu res for that  s pec i f i c  test 
mu s t  be fo l l owed exact l y ,  otherw i se the resu l ts between 
d i fferent chem i s t s  and/or d i ffe rent l abora to r i es w i . l  
not be compa t i b l e .  There i s  n o  co l l ege o r  un i vers i ty ,  
t o  my know l edge , that  g raduates a fu l l y-qua l i f i ed coa l 
chem i s t .  Du r i ng t he 27 yea rs tha t I have been i nvo l ved 
i n  coa l ana l yses l abo rator i es and  the samp l i ng and 
the ana l yses of coa l ,  we have cons tan t l y  found tha t the 
coa l chem i s t  mus t  be g rown . I t  i s  t rue that a bas i c  
understand i ng o f  chem i s t ry i s  a mus t ,  b u t  the t rue 
coa l chem i s t  i s  on l y  a rea l i ty after  he has gone througt 
the t r i a l -by- f i re t ra i n i ng i n  a competent  and qua l i f ied 
coa l tes t i ng l abora tory . 

Today , there have been deve l oped s tand a r i zed 
coa l test s  that are  accepted i ndus t ryw i d e .  A l so ,  w i th 
the  cu r rent  energy c r i s i s ,  there i s  g reat  pressure and 
d emand for add i t i ona l methods a nd techn i ques t ha t  w i l l  
g i ve us a much c l earer  i ns i ght  i nto the eva l ua t i on and 
u t i l i za t i on of the va r i ou s  s pec i es and types of coa i s .  
There i s  a g reat need for much more d ef i n i t i ve para
meters , espec i a l l y i n  those a rea� dea l i ng w i th the gas i ·  
f i ca t i on and l i q u i fact i on o f  coa l . 

The maj or i ty of the s tandard i zed coa l tests 
that  are  curren t l y  be i ng used today by the wor l d  
coa l i nd u s t ry have been deve l oped by the Ame r i can 
Soc i ety for Tes t i ng a nd Ma ter i a l s  (ASTM) , the I n ter
na t i ona l Orga n i za t i on for Standard i za t i on ( I SO) , and 
the s tandard i za t i on bod i es of other  nat i ons , of wh ich 
t he Japanese I ndu s t r i a l  S tandards  ( J I S )  i s  an examp l e .  
The ASTM s tandard i za t i on o f  tes t s  for coa l a n d  coke 
sta r ted forma l l y i n  1 904 , and th i s  work cont i nues today ' 
.under Comm i t tee 0 . 05 .  

Deve l opment  o f  characte r i za t i on tes t s  req u i red 
the work of many peop l e  over a l ong per i od . I n  the 
Un i ted S tates , test methods emerged f rom i n d i v i dua l 
work supported by p r i vate i ndus t ry ,  the U . S .  Bu reau of 
M i nes ( USBM) , and severa l State agenc i es .  These tests 
a re accepted as  s tandards  on a consensus  ba s i s  by 
ASTM Comm i t tee 0 . 05 ,  wh i c h  i s  composed of members from 
3 g roups : ( 1 )  Coa l p roducers (own e r s ) , ( 2 ) "  consumers,  
and (3)  t hose act i ve l y  work i ng w i t h  coa l (but  not 
owned by a p roducer o r  a consume r ) . 

The app l i cab i l i ty of p roposed s ta nd a rd s  are 
carefu l l y eva l ua ted by tes t i ng coa l s  of  d i fferent rank .  
Compa r i sons are  made w i t h i n  a nd between ASTM members ' , 
l abo ra tor i es .  Once estab l i shed , these s ta ndards a re cons tan t l y  rev i ewed and i mp roved to meet chang i ng ma rket �equ i rement s .  A l so ,  new and i mproved a na l yt i ca l eqU i pment  and  tech n i q ues a re rev i ewed t o  a s s u re that  the �e s t . ava i l ab l e  method s  are  u t i l i zed . Coa l cha rac:e r l �a : l on tes t s  common l y  u t i l i zed to determ i ne the . su i tab i l i ty 0: each coa l for  a pa r t i cu l a r  app l i cat i on a re summa r , zpd l a te r i n  th i s  d i scus s i o n .  
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COAL ANALYS E S :  WHEN?  

The answer to  t h i s  ques t i on i s  aga i n  one of 
s i mpl i c i ty and l og i c :  Wheneve r coa l mu s t  be used , i t  
must be ana l yzed .  I ts qua l i ty and a daptab i l i ty for  
the cons i dered , p l a nned , or i n tended u s e  must  be known . 
Aga i n ,  econom i cs i s  a bas i c  i s s ue ;  i t  wou l d  not be w i se 
or econom i ca l  to use a me ta l l u rg i ca l  cok i ng coa l fo r 
steam pu rposes or i n  a coa l conve rs i on p roces s ,  nor can 
a non-agg l omera t i ng Western  l ow- rank coa l be used to 
make mata l l urg i ca l  coke . 

The i n i t i a l  ana l yses a re usua l l y  done to eva l u
ate the coa l in-situ--before i t  i s  m i ned . The cu r rent 
cost to open and ope rate a modern m i ne has g rown by 
leaps and bounds i n  the past  few yea r s , espec i a l l y  s i nce 
the 1969 Safety and Hea l t h  Act was passed and made the 
law of the l and . I t  i s  i mpera t i ve that  the  q ua l i ty and 
use of the coa l be d e termi ned and known so t ha t  the 
necessary i nves tment of the mi  1 1  i ons  of do l l a rs  of 
cap i ta l  requ i red to deve l op a nd m i ne the coa l s  w i l l  
have a reasona b l e  mod i cum of s uccess a nd d eve l op a rea
sonab l e  return on the req u i red i nves tment  d u r i ng the  
l i fe of the mi ne--norma l l y 20 yea rs o r  l onge r . 

There a re ma ny t i mes  that  ana l yses of coa l 
must be made , for examp l e ,  d u r i ng the  d eve l opmen t  of 
the i n i t i a l  m i n i ng p l a n ,  du r i ng the  ent i re 1 i fe of the 
m ine so that coa l s  of reasonab l e  average or even p re
mi um qua 1 i ty can cons i s tent  1 y be supp 1 i ed to the con
sumer. Whenever a un i t  t ra i n  i s  l oaded , i t  must be 
determ i ned tha t the l oad meet s  con t ract  s pec i f i ca t i ons , 
or , on today ' s  ma rke t ,  that  i t  w i l l  meet env i ronmen ta l 
restr ict ions . Yes , I cou l d  enume rate many more i n
stances when coa l mus t  be ana l yzed , but  those I have 
given w i l l  g i ve you the bas i c ,  l og i ca l  approach to the 
answer to th i s ques t i on .  

COAL ANALYSES : HOW? 

The mos t i mpor tant  p roced u re i n  how to ana l yze 
coa l is the samp l i ng and samp l e  p repa ra t i on p rocedu res . 
If the proper representa t i ve samp l e  of the coa l s  under 
rons i derat i on i s  not obta i ned and d e l i ve red to the l ab
oratory for ana l yses , i t  i s  i mpos s i b l e  to obt a i n  a 
�presentat i ve and a ccurate  ana l yses . The coa l ana l yses 
�su l ts are on l y  as good as the  samp l e  d e l i ve red to t he 
laboratory . I t  i s  very s i m i l a r  to the s ta tement a bou t 
computers-- trash i n ,  t ra s h  out , o r  non- representa t i ve 
samp les tp the l abora tory , non- representat i ve ana l yses 
out. The very bes t tra i ned and mos t competent coa l 
chem ist cannot deve l op a good ana l yses on a bad or 
non-representat i ve coa l samp l e .  

The obta i n i ng o f  representa t i ve samp l es f rom 
roal-core d r i l l i ng p rograms , coa l s tock p i l es ,  m i ne
l�d i ng t i pp l e s ,  ra i l road ca r s ,  t ransfer  po i nt s , u n i t  
t� i ns ,  or any other a rea coa l mus t  be subj ected to 
sampl i ng for ana l yses and q ua l i ty eva l ua t i o n ,  p resents 
many var i a b l es and h i gh l y  comp l ex p rob l ems . The task  
of obta i n i ng a represen tat i ve samp l e  of reasonab l e  
wei ght to r�present the l ot o f  coa 1 u nde r cons i d e ra t  i on 
p�sents a l a rge number of p rob l ems and , therefore ,  d i c
tates the ut i  1 i za t i on ,  whe reve r pos s i b l e ,  of s tandard �mpl i ng procedu res . ASTM D 2234 i nt roduces the p rob l em 
w i th the fo l l ow i ng sta tement : 

"Da ta obta i ned f rom coa l samp l es a re used 
i n  estab l i sh i ng p r i ce ,  con t ro l l i ng m i ne 
and c l ea n i ng p l ant  ope ra t i ons , a l l oca t i ng 
p roduc t i on costs , and dete rm i n i ng p l an t  

o r  component eff i c i ency . The ta sk  o f  ob
ta i n i ng a samp l e  of reasona b l e  we i gh t  to 
rep resent an ent i re l o t  p resents a number 
of p ro� l ems and emphas i zes the neces s i ty 
for uS i ng s tandard samp l i ng procedures . 
Coa l i s  one of the most d i ff i c u l t of ma te r i 
a l s  to samp l e ,  va ry i ng i n  compos i t i on f rom 
noncombus t i b l e  part i c l es to t hose wh i ch 
can be bu rned comp l ete l y ,  w i t h  a l l g rada t i ons 
i n  between . The task i s  fur ther comp l i ca ted 
by the u se to be made of the ana l yt i ca l  
resu l ts ,  the samp l i ng equ i pment ava i l a b l e ,  
t h e  quant i ty t o  b e  represented by the samp l e ,  
and the deg ree o f  prec i s i on requ i red . 

"These s tandard method s g i ve the ove r-a l l  
requ i rements fo r the co l l ec t i on of coa l 
samp l es .  The w i de  va r i e t i es of coa l hand l i ng 
fac i l i t i es prec l ude the pub l i ca t i on of de
ta i l ed p rocedu res for every samp l i ng s i tu
a t i on .  The proper co l l ec t i on of the samp l e  
i nvo l ves a n  understand i ng and cons i dera t i on 
of the phys i ca l  character of the coa l , the 
number and we i ght of i ncremen t s ,  and the 
overa 1 1  prec i s i on requ i red . "  

Aga i n ,  the t i me to eva l uate a l l of the p rob l ems 
assoc i a ted wi t h  coa l samp l i ng and prepa ra t i on a re too 
l eng thy and comp l i cated to thoroug h l y  cover i n  the 
l i m i ted t i me ava i l ab l e ,  bu t i t  i s  mos t i mpera t i ve that 
you obta i n  the very best qua l i f i ed and tra i ned person
ne l ava i l a b l e  to samp l e  and/or obta i n  and prepa re the 
coa l samp l es for you and you r organ i za t i on .  I t  i s  
recommended that you h i re and u t i l i ze the serv i ces of 
a coa l tes t i n g  l abora tory that has p roven i ts com
petency and expert i se i n  th i s  f i e l d ,  and a l so ut i l i ze 
the serv i ces of cons u l tants , both i nd i v i dua l s and/or 
organ i za t i on s ,  tha t  a re above ques t i on .  There is a 
reasona b l y  l a rge number of these ava i l a b l e  and known . 
Automa t i c  o r  mechan i ca l  coa l samp l i ng dev i ces requ i re 
the expert i se of those that a re know l edgab l e  and eX
pe r i enced i n  t h i s  f i e l d . The ma i n tenance , eva l ua t i on ,  
ope rat i on ,  and use o f  au toma t i c  coa l samp l i ng equ i p
men t  i s  a s c i ence i n  i tse l f .  

COAL CHARACTER I ZAT I ON TESTS 

Coa l cha racte r i za t i on tes ts common l y  ut i l i zed 
to de term i ne the s u i tab i l i ty of each coa l for qua l i ty 
and/or a part i cu l a r app l i ca t i on a re summa r i zed i n  the 
fo l l ow i ng pa rag raphs .  A l a rge numbe r of these tests 
a re emp i r i ca l , therefore , the exact same procedures 
and equ i pment must be used by the va r i ous l aborator i es 
before accep ta b l e  reproduc i b l e  resu l ts can be produced . 
ASTM methods g i ve the acceptab l e  to l e rances a l l owab l e  
between dup l i ca te tests on the same samp l e ,  by the same 
l aboratory ,  and a l so resu l ts obta i ned by d i fferent 
l aborator i es on dup l i ca te s p l i ts of the same samp l e .  

Proximate analysis , ASTM D 3 1 72 (o l d  s tandards 
D 27 1 - 70) , cove rs the determ i nat ion  of mo i s ture , vo l a
t i l e mat te r ,  and a s h ,  and the ca l cu l a t i on of f i xed 
carbon on coa l s  and cokes . Some l aborator i es ,  espec i 
a l ly Commerc i a l  Tes t i ng & Eng i neer i ng Co . ,  a l so i nc l ude 
the Btu and Su l fu r  determ i na t i ons as part  of the "prox i 
ma te" . The h i s tor i c  term "p rox i mate" i s  m i s l ead i ng 
because i t  cou l d  be confused w i th the word" "approx i mate" , 
whereas a l l p rox i mate ana l y s i s  tes ts a re performed accord-
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i ng to r i g i d  spec i f i ca t i ons  and  to l erances . Resu � t s  
o f  t hese ana l yt i ca l  method s  may b e  used ( 1 )  t o  e s ta b
l i s h  the rank of coa l s ,  ( 2 )  to s how the ra t i o  of com
bus t i b l e  to i ncombu s t i b l e  con s t i tuen t s , ( 3 )  to p rov i d e  
t h e  bas i s  for buy i ng and s e l l i ng ,  ( 4 )  t o  eva l uate  for  
benef i c i a t i on ,  a nd (5 )  for the bas i c  c r i ter i a  of coa l 
qua l i ty ,  among other pu rposes . 

The forms of moisture i n  coa l have been stud i ed 
by a numbe r of i nves t i ga tors , and even today some of 
them are con s i dered an a rb i t ra ry def i n i t i on . Some 
forms of mo i sture  a re a s  fo l l ows : ( 1 )  tota l mo i s ture ,  
( 2 )  f ree mo i s tu re or ad herent mo i st u re , ( 3 )  phys i ca l l y  
bound o r  i nherent mo i s tu re ( t ha t  mo i s t u re he l d  by vapor 
pres s u re and other phys i ca l  p rocesses ) , (4)  chem i ca l l y  
bound water (wa te r  of hyd ra t i on of "comb i ned" wa te r ) , 
and (5 )  bed mo i s ture (in-situ mo i st u re) . 

Total moisture i s  determi ned by a two- s tep pro
ced u re (ASTM D 3302) . Th i s  procedure i nvo l ves a i r
d ry i ng for remova l of "excess" mo i s ture f rom t he g ross  
samp l e ,  s i ze reduc t i o n ,  and  the rma l d eterm i na t i on of  
res i dua l mo i st u re i n  the  prepa red samp l e  (ASTM D 3 1 73 ) . 
An a l gebra i c  ca l cu l at i on i s  used to obta i n  the  "tota l "  
mo i s ture . 

The as-received moisture i s  the tota l mo i s ture 
a t  a g i ven t i me .  Th i s  term i s  common l y  used i n  the 
t rade to i nd i cate the mo i s tu re p resent when the coa l 
i s  de l i ve red to a po i nt of t ransfer or to the u l t i mate 
consumer . 

Recogn i z i ng tha t " tota l mo i s ture" i s  of such 
comp l ex i ty t hat i t  mu s t  be def i ned i n  te rms of i ts 
met hod of measurement , ASTM Comm i t tee D . 05 has def i ned 
"tota l mo i s tu re" as a l oss  i n  we i gh t  i n  an a i r  a tmos
phere u nder r i g i d l y  con t ro l l ed cond i t i ons of tempera
ture ,  t i me ,  and a i r  f l ow.  At l east  i n  pr i nc i p l e ,  
" tota l  mo i s t u re" rep resents a measurement of a l l  the 
wa te r not chem i ca l l y comb i ned . Trad i t i ona l l y ,  the rma l 
t reatment has prov i ded the mos t  common l y  used bas i s  
for attempt i ng to sepa ra te t he non- chem i ca l l y  bou nd 
wat e r  f rom coa l . The abso l u te separa t i on of absorbed 
mo i s ture w i thou t l oss  of a port i on of chem i ca l l y  bound 
wa ter i s  p ract i ca l l y  i mpos s i b l e .  The sepa ra t i on i s  
pa rt i cu l a r l y  d i ff i cu l t  w i t h  coa l s  of l owe r rank.  

I n  other  pa r t s  of the wor l d ,  "organ i c  ref l ux" 
mo i s tu re tests  have been used to determ i ne the res i dua l 
mo i s tu re i n  t he prepared samp l e  ( I SO R 348) . S tud i es of 
organ i c  ref l ux tech n i ques have been made i n  the U n i ted 
Sta tes (USBM RI 4969) . These met hod s may be used to 
d eterm i ne mo i s ture and may be pa r t i cu l a r l y  app l i cab l e  
for our Wes tern  l ow- rank coa l s  ( subb i tum i nous and 
1 i gn i tes) . 

Equi librium moisture i s  the mo i s tu re-ho l d i ng 
capac i ty of coa l a t  30°C  i n  an a tmosphere of 97 per-
cen t  re l a t i ve hum i d i ty (ASTM D 1 4 1 2 ) . The equ i l i b r i um 
mo i s tu re of a samp l e  of coa l i s  cons i de red to be equ a l  
to t h e  bed mo i s ture , or in-situ mo i s tu re ,  for c l a s s i 
f i ca t i on of coa l by rank (ASTM D 388) . A l so ,  equ i l i 
b r i um mo i s ture resu l t s may be used for est i ma t i ng the 
s u rface , o r  ext raneou s , mo i s ture of wet coa l , espec i 
a l l y where there appear s  to be excess i ve mo i s ture .  
The d i ffe rence between tota l mo i s ture and equ i l i br i um 
mo i s ture  wou l d  be su rface mo i s tu re added du r i ng d r i l l i ng .  

Volati le matter i s  the gaseou s p roducts , ex
c l us i ve of mo i s tu re vapor , d r i ven off du r i ng s tandard i zed 
tes t cond i t i ons  (ASTM D 3 1 75 ) . The expe l l ed gases may 
be l abe l ed combu st i b l e  and non-combu s t i b l e . The com
bus t i b l e  gases are ca rbon monox i de ,  hyd roge n ,  me thane , 
and other  orga n i c  hyd roca rbon s .  Those genera l l y 
c l as s i f i ed as non- combu s t i b l e  are  ca rbon d i ox i d e ,  

ammon i a ,  hyd rogen su l f i de ,  and some ch l or i des . Vo l a
t i l e  ma tter  i s  a de r i ved cha racte r i st i c  and i s  not a 
natu r a l  component of coa l . 

Because emp i r i ca l  tes t  methods are  u sed , the 
deta i l s  of the tes t p rocedure  mus t  be r i g i d l y  adhered 
to so that  tes t resu l ts between l abora to r i es are  mean
i ngfu l . Us i ng the s tand a rd ASTM p roced u r e ,  i t  i s  
of ten d i ff i cu l t  to obta i n  repeatab l e  o r  rep roduc i b l e  
resu l ts w i th  many l ow- rank coa l s . To overcome these 
p rob l ems , l ow- rank coa l s  have been b l ended w i th certa i n  
l ow-vo l a t i l e  b i tumi nou s coa l s .  Due t o  t h e  i ncreased 
i nteres t i n  l ow- rank coa l s ,  ASTM Sub-Comm i t tee D . 05 . 2 1  
has fo rmed a task g roup t o  further  i nves t i gate these 
Western  coa l s .  Vo l a t i l e  ma t te r  test  res u l ts a re used 
to estab l i sh the rank of coa l s ,  to i nd i cate coke 
y i e l d  on ca rbon i za t i on p rocesses , or to estab l i s h 
bu rn i ng cha racte r i s t i c s .  

Ash i s  the non-combu s t i b l e  m i ne ra l  ma t ter l eft 
beh i nd when coa l i s  bu rned under r i g i d l y  con t ro l l ed 
cond i t i ons of tempera ture ,  t i me ,  and  a tmosphere 
(ASTM D 3 1 74) . The resu l t i ng ash obta i ned by th i s  
method d i ffers  i n  compos i t i on f rom the i norgan i c  
cons t i tuents present i n  the or i g i na l  coa l .  Burn i ng 
cau ses the expu l s i on of wa ter f rom the c l ay s  and 
ca l c i um su l fa t e ,  of ca rbon d i ox i de f rom ca rbona tes , 
and the conve rs i on of i ron pyr i tes i n to fe r r i c  ox i de .  
Each of t hese react i ons i nvo l ves a l os s  o f  we i gh t  
f rom t h e  or i g i na l  ma ter i a l . Formu l as f o r  correct i ng 
ash  va l ues t o  the or i g i na l  m i nera l mat te r  bas i s  a re 
p resented i n  ASTM D 388 .  Othe r  ways i n  wh i ch ash  
va l ues are  used a re the  fo l l ow i ng :  ( 1 )  to ca l cu l ate 
other coa l cha racte r i za t i on va l ues to an ash f ree 
bas i s ,  ( 2 )  to eva l uate the eff i c i ency of coa l c l ean i ng 
or benef i c i a t i on p rocesses , and ( 3 )  to est i ma te t he 
amoun t  of res i due after  coa l i s  commerc i a l l y burned . 

Fixed carbon i s  the so l i d  res i due other than 
the ash resu l t i ng f rom the vo l a t i l e matter  test . 
Actua l l y ,  the va l ue i s  ca l cu l a ted by subtract i ng 
mo i s t u re ,  vo l a t i l e  mat te r ,  and  ash  f rom 1 00 percent 
(ASTM D 3 1 72 ) . The resu l t s wou l d  be on an "as
rece i ved" bas i s .  For a g i ven samp l e ,  the f i xed 
carbon i s  a l ways l owe r than the tota l ca rbon ( see 
ultimate analysis ) .  

Another h i stor i c  te rm, ultimate analysis , 
refer s  to t he i nd i v i du a l  e l ements  wh i ch are  comb i ned i n  
the cOmp l ex coa l mo l ecu l a r  s t ructu r e .  A s  def i ned i n  
ASTM D 3 1 76 ,  these e l emen t s  a re tota l ca rbon , tota l 
hyd rogen , tota l su l fu r ,  tota l n i t rogen , and oxygen . 
Ash i s  i nc l uded i n  u l t i ma te ana l ys i s  as an es t i mate 
of t he o r i g i na l  m i nera l ma tter  i n  coa l so t ha t  i t  
w i l l  be pos s i b l e  to ca l cu l ate  the oxygen con ten t .  
Some l abora to r i es ,  o f  wh i ch Commerc i a l  Tes t i ng & 
Eng i neer i ng Co . i s  one , a l so i nc l ude the determ i na t i on 
of ch l or i ne as pa r t  of the u l t i ma te ana l ys i s .  

Total carbon i s  determ i ned by ca ta l y t i c  burn i ng 
of the samp l e  i n  oxygen to form carbon d i ox i d e ,  wh i ch 
can be read i l y measu red (ASTM D 3 1 78) . Tota l ca rbon 
i nc l udes bot h  orga n i c  and carbonate carbon . A total 
organic carbon can be ca l cu l a ted by subtract i ng the 
ca rbonate ca rbon , as  determ i ned by ASTM D 1 756,  from 
the tota l ca rbon . 

Total hydrogen a l so i s  determ i ned by the cata l yt 
burn i ng of a samp l e  i n  oxygen to form wate r .  Th i s wa ter 
i s  absorbed i n  a des i ccant  and  i s  we i ghed d i rect l y  
(ASTM D 3 1 78) . Hyd rogen resu l ts ,  a s  determ i ned by 
ASTM D 3 1 78 ,  i nc l ude the hyd rogen present i n  both the 
res i dua l  samp l e  mo i s tu re ,  and wa t e r  of hyd rat i o n .  The 
hvd rogen from the res i d ua l samp l e  mo i s tu re can be 
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removed s to i ch i omet r i ca l l y (ASTM D 3 1 76 ) . Resu l t s can be ca l cu l a ted to other mo i s tu re b '  d '  f I . . a S l s  accor  I ng to ormu ae g i ven I n  ASTM D 3 1 76 .  
TotaZ suZfur i s  another part  o f  t he u l t i ma te ana l ys i s .  Su l fu r  i s  �enera l l y  present I n  3 forms , and the s um .o f  these I S  reported a s  t he tota l su l fu r .  Tota � su l fu r  can be determ i ned by the fo l l ow i n  3 chemi ca l met hod s (ASTM D 3 1 77 ) : ( I )  t he E schk� method , ( 2 )  the bom?-wa s h i ng method , and ( 3 )  the h i ghtemperatu re combu s t i on met hod . I n  the E schka method 

the sam� l e  i s  i gn i ted i n  a m i xture of magnes i um ox i d� 
and sod i um ca rbona te . The su l fu r ,  now i n  a so l u b l e  
form, i s  l eached w i th wa ter  a n d  p rec i p i ta ted f rom the 
resu � t ! ng so � u t i ?n as bar ! um . su l fate  ( BaS04) .  The 
prec I p i tate I S  f i l tered , I g n i ted , ·and we i ghed . I n  
the bomb-wa sh i ng met hod , s u l fu r  i s  a l so prec i p i tated 
as BaS04 f rom t he oxygen- bomb ca l o r i meter  was h i ng s .  
I n  both i ns tance s ,  the s u l fu r  conten t can  be s to i ch i omet
rica l l y  ca l cu l ated . I n  the h i gh- temperature combus t i on 
method , the samp l e  i s  bu rned i n  a tube furna ce and 
su l fur  ox i des a re co l l ected i n  so l ut i on and  determi ned 
by an ac i d-base t i t ra t i o n .  

Total nitrogen i s  determi ned b y  chem i c a l  d i 
gest ion (Kj e l da h l -Gunn i ng )  me t hods (ASTM D 3 1 79 ) . 
Tota l n i t rogen i s  cata l y t i ca l l y converted to ammon i a .  
The ammon ia  i s  d i s t i l l ed ,  absorbed by a n  ac i d i c so l u
t ion , and measu red by a n  a c i d-ba se t i t ra t i on .  Wh i l e 
not l i sted i n  ASTM D 3 1 79 ,  a sem i -m i c ro method has 
proven to g i ve equa l l y  accurate resu l ts .  A sem i 
mi cro met hod i s  des c r i bed i n  I SO R 333 . 

Total chlorine i s  determi ned by i gn i t i on of 
the samp l e  wi th Eschka m i xt u re ,  a m i x t u re of magnes i um 
ox i de and sod i um ca rbona te .  The ch l or i ne ,  now i n  so l u
b le  form, i s  l eached w i t h  wa ter and p rec i p i tated w i t h  
s i l ver n i t rate as  s i l ver ch l o r i de .  The amount  of  
chlor i ne i s  determ i ned by  a back t i t ra t i on w i t h  potas
s i um t h i ocyana te . 

Ash as d i scussed prev i ou s l y  u nder p rox i ma te 
analys i s ,  i s  ana l yzed accord i ng to ASTM D 3 1 74 .  

S i nce t here i s  n o  sa t i sfa ctory d i rec t ASTM 
method of determ i n i ng oxygen , i t  i s  ca l cu l ated by 
subtract i ng tota l carbon , tota l hyd rogen , tota l su l fu r ,  
tota l n i t rogen , tota l ch l o r i n e ,  and a s h  f rom 1 00 percent 
(ASTM D 3 1 76) . A met hod for the  d i rect determ i na t i on 
of oxygen i s  g i ven i n  U . S .  Bu reau of M i nes R I  6753 . 
However ,  the method i s  l eng t hy , and for mos t  a pp l i ca t i ons , 
the i ncreased prec i s i on i s  not cons i de red by U n i ted 
States i nves t i ga tors  to be i n  p ropo r t i on to the effor t 
extended . 

Othe r  i mpor tant  chem i ca l  and  phys i ca l  tes t s  
performed t o  character i ze coa l a re :  

1 .  Hea t i ng va l ue ( B tu content )  
2 .  Su l fu r  forms 
3 .  Ash  fu s i b i l i ty tempera t u res 
4 .  Ash  ana l ys i s  
5 .  T race e l emen t s  
6 .  Free- swe l l i ng i ndex 
7 .  Ha rdg rove g r i ndab i l i ty .  

The heating value , somet i mes refer red to as  
ca l or i f i c  va l ue ,  o r  B t u/ l b ,  i s  one  of  the mos t i mpor
tant  determ i na t i ons  necessary  i n  buye r-se l l e r re l at i on 
s h i p s .  Seve ra l met hods have been p roposed , bu t t h e  
mos t common met hod i s  the ad i abat i c  bomb ca l or i -
meter (ASTM D 20 1 5 ) . The B tu va l ue i s  determ i ned by 
actua l l y bu rn i ng a coa l samp l e  i n  an oxygen bomb and  
measu r i ng t he tempera t u re r i se .  The tempe ra t u re r i se 
i s  converted to Btu/ l b  by a l gebra i c  compa r i son  w i t h  
the hea t i ng va l ue o f  a s ta nd a rd pure  so l i d ,  benzo i c  
ac i d .  Correc t i on s  a re made for the  heat  con t r i bu ted 
by t he i gn i t i on w i re ,  the hea t of forma t i on of  n i t r i c  
a c i d  and the hea t o f  forma t i on o f  s u l fu r i c  a c i d  ( f rom 
t he �u l fu r  i n  the coa l ) . The gross heating va l u e  i s  
norma l l y repo rted , wh i ch a s s umes that  a l l the  com�u s t i on 
p roduct wa ter  vapors a re condensed . The net heat�ng 
vaZue , a l owe r va l ue ,  i s  ca l cu l a ted f rom t he gross  
va l ue by  a ss um i ng that  a l l wa ter i n  combu s t i on p rod u c t  
rema i ns i n  vapo r form (ASTM D 407) . 

As I have j us t  po i n ted out ,  t here  a re a l a rge 
number of ad d i t i ona l coa l cha racte r i za t i on tes t s  u s ed 
i n  the eva l ua t i on o f  coa l for  i t s  i n tended use , b u t  
t i me w i l l  n o t  perm i t  me to cove r  t hese tod a y .  There 
a re a l so s creen o r  s i z i ng ana l yses , was ha b i l i ty 
s tud i es u sed to d eve l op wa s h i ng p l an t s  o r  benef i 
c i at i on des i gned pa rame te r s ,  a s  we l l  a s  spec i f i c  
spec i a l i zed cok i ng tes t s  and  o t he r s . I t  i s  very 
i mporta n t  t h a t  you d i sc u s s  these add i t i ona l tes t s , 
t he i r need , and  a pp l i ca t i on thorough l y  w i t h the  
l a bo ra t o ry before your f i na l  ana l yses  p rog ram for 
t he eva l ua t i on of you r  spec i f i c  coa l i s  f i na l i zed . 

REFERENCES 

Ame r i can  Soc i ety for Tes t i ng  a nd Mate r i a l s ,  1 97 5 , 
Annua l Book of ASTM S tandard s ,  P a r t  2 6 :  Ga seo u s  
Fue l s ;  Coa l a n d  Coke ; Atmo s phe r i c  Ana l ys i s  ( C oa l 
and Coke , p .  1 79-428 ) , ASTM, Ph i l ade l ph i a ,  PA 

Krum i n ,  P . O . , 1 963 , The determ i na t i o n  of forms of 
mo i st u re i n  coa l : Oh i o  S t a te Un i v .  B u l l .  1 95 .  

Rees , O .  W . , 1 966 ,  Chem i s t ry ,  uses  and l i m i ta t i on of  
coa l ana l ys i s :  I l l i no i s  S t a te Geo ! . S u rvey R I  
220 

Roga , B . , and Wnekowska , L . , 1 965 , Ana l ys i s  of  so l  i d  
fue l s :  U .  S .  Dep t .  Commerce Fede ra l Sc i en t i f i c  
and Tech .  I n fo . , Spr i ngf i e l d ,  VA 

Savage , K. I . ,  1 97 6 ,  Coa l t es t i ng ,  in Handbook of  
Ene rgy Techno l ogy : New Yo r k ,  McG raw H i l l .  



142 

Lay i ng out core p reparatory to p l ac i ng coa l i n  methane 
desorpt i on cy l i nde r ,  Huerfano County , C o l orado 



TRACE ELEMENTS 

IN ROCKY MOUNTAIN COALS 

JOSEPH R. HATCH : 

VERNON E .  SWANSON :  

U.S. Geological Survey 

Denver, Colorado 80225 

U.S. Geological Survey 

Denver, Colorado 80225 

ABSTRACT :  S i nce 1 97 1 , the U . S .  Geo l og i ca l  S u rvey , i n  coope r a t i on w i th other  Fed e ra l and S ta te agenc i e s ,  educa
tiona l i nst i tut i ons , and p r i vate compan i e s ,  has co l l ected a nd chem i ca l l y  ana l yzed more than  3 , 1 00 channe l s amp l es 
of coa l beds f rom 30 S tates . For each samp l e ,  the  S u rvey ' s  a na l yt i ca l  l abora to r i es have q u a n t i ta t i ve l y  d e te rm i ned 
the amounts of 24 maj o r ,  m i nor , and t race e l emen t s  ( i nc l ud i ng As , Cd , Cu, F,  Hg , Pb, S b ,  Se, Th, U ,  a nd Z n ) , and 
have sem i quan t i ta t i ve l y  determ i ned t he conce n t ra t i ons of be tween 1 5 and 20 add i t i ona l t race e l ement s  ( i nc l ud i ng 
B, Be , C r ,  Ge , Mo , N i , and V ) . I n  add i t i on ,  the  U . S .  Bu reau of M i nes has performed p rox i ma te a n d  u l t i ma t e  ana l ys e s , 
and Btu and forms-of- su l fu r  dete rm i na t i ons on mos t  of the samp l es .  These ana l y t i ca l  data  on coa l a re used  for  
envi ronmenta l eva l ua t i ons ; assessment of pos s i b l e  coa l -m i n i ng ,  coa l - p repa ra t i on ,  and coa l -u s e  p ro b l ems ; es t i ma t i ng 
byproduct recovery poten t i a l ;  and qeo l oq i ca l  and geochem i c a l i n te rpreta t i ons . 

Rocky Mounta i n  prov i nce and Nor thern G reat  P l a i n s  p rov i nce coa l s ,  when compa red to I n t e r i o r  p rov i nce 
coa l s ,  have app rec i a b l y  l owe r concen t ra t i ons of mos t e l emen ts of  env i ronmen ta l conce rn . D i s t i nc t  compos i t i ona l 
d i fferences a l so ex i s t between adj acent cOa l reg i ons o r  f i e l d s , as shown by data  f rom the Fo r t  Un i on and  Powd e r  
R iver reg i ons and b y  da ta from t he S a n  J uan R i ve r  reg i on a n d  B l ack Mesa f i e l d .  

I NTRODUCTI ON 

Three top i cs a re to be covered i n  th i s  pape r :  
f i rs t ,  a b r i ef rev i ew o f  t h e  U . S .  Geo l og i ca l  Survey ' s  
program on the compos i t i on of coa l ; second , a d i scu s s i on 
on how ana l ys i s  for maj o r ,  m i no r  and t race e l ement s  
are used ; and , th i rd ,  a s umma ry and b r i ef compa r i son 
of coa l compos i t i ona l i nforma t i on f rom the Nor thern 
Great P l a i ns ,  Rocky Mounta i n ,  and I n ter i o r  coa l p ro
vi nces , from the Powde r  R i ve r  reg i on and For t  Un i on 
reg i on and f rom the San Juan  R i ver reg i on ,  and B l ack 
Mesa f i e  I d ( see F i g .  1 ) .  

U . S .  Geo l og i ca l  Survey ' s  P rogram on Compos i t i on of Coa l 

One obj ec t i ve of the S u rvey ' s  p rog ram on com
pos i t i on of coa l i s  to p rov i d e  a deta i l ed d a ta base for 

eva l ua t i ng the  overa l l  chem i ca l  compos i t i on of coa l 
i n  the  Un i ted S t a te s . Th i s  p rog ram began i n  1 97 1  w i th 
t he U . S .  Depa r tmen t  of I nt e r i o r ' s  Sou t hwe s t  Ene rgy 
s tudy . Du r i ng the cou rse of  t h i s  s tu d y ,  maj o r ,  m i no r ,  
a n d  t race e l ements  i n  7 1  coa l and  1 6  powe r p l a n t  a s h  
samp l es f rom the Sou t hwes t e rn Un i ted S t a te s  we re d e t e r
m i ned (Swanson , 1 972 ) . 

S i nce then , some 3 , 1 00 samp l es of coa l , powe r
p l an t  a s h ,  and coa l -a s soc i a ted rocks have been s ub
m i t t ed to the  Su rvey ' s  a na l y t i ca l  l aborato r i es .  These 
samp l es represent coa l s  f rom 3 0  of the  37 S tates  t h a t  
have coa l - bea r i ng rocks a n d  were c o l l ec ted by U . S .  
Geo l og i ca l  Su rvey personne l ,  S t a te Geo l og i ca l  S u r vey 
personne l ,  and personne l f rom m i n i ng compa n i es and  u n i 
vers i t i es .  

The geog raph i c  d i s t r i bu t i on of  these samp l es i s  
i nd i cated on Tab l e  I .  

Tab l e  I :  Geog raph i c  d i s t r i bu t i on of coa l and coa l - re l ated rock and a s h  samp l e s .  

Area 

Eas tern p rov i nce 

Gu l f  Coast  p rov i nce 

I n ter i o r  p rov i nce 

Northern  G reat  P l a i ns p rovi nce 

1976 Symposiwn on the Geo logy 

of Roaky Mountain Coal, p. 1 4 3-163 

Numbe r of 
samp l es 

883 

70 

425 

920 

143 

Area 

Rocky Mounta i n  p rov i nce 

Pa c i f i c  Coa s t  prov i nce 

A l aska p rov i nce 

Tota l samp l es 

Number of 
samp l es  

690 

1 0  

----1Q. 
3 , 088 
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400 

300 

E X P L A N A T I O N  
Coal -bear i n g  a r e a ·  

1 Northern Great Plains Province 

2 Powder River Reg i on 

3 Fort Union Region 

4 Rocky Mountain Province 

5. San Juan River Region 

6 Black Mesa Field 

7. Interior Province 

Rank of coa l "  

.. 
D 
CJ 
c= 

Medium- and h i g h 

v o l a t i l e  bitu m i n ou s  

Low-vol a t i l e  
bituminous 

Sub - bituminous 

Lignite 

F i g  1 :  Loca t i on of coa l - bea r i ng a reas d i scussed i n  
the tex t .  (mod i f i ed f rom Trumbu l l ,  1 960) 

A l l the d i fferent ana l yses for more than 2 , 000 of the 
approx i ma te l y  3 , 1 00 samp l es have been comp l eted .  

The sequence of ana l yses p refo rmed on samp l es i s  
shown on F i gure  2 .  

A tota l of 24 maj o r ,  m i no r ,  and trace e l emen ts a re de
termi ned quan t i ta t i ve l y .  An add i t i ona l 1 5  to 20 e l e
ments a re determ i ned sem i quant i ta t i ve l y .  

USEFULNESS O F  MAJ O R ,  M I NOR,  AND TRACE ELEMENT DATA 
ON COAL 

There a re four somewhat ove r l app i ng rea sons 
for obta i n i ng comp rehens i ve and p rec i se chem i ca l  ana l y
ses on coa l : ( 1 )  to assess env i ronment a l  i mp l i ca
t i ons of coa l m i n i ng and u t i l i za t i on ,  (2) to determ i ne 
the mos t su i ta b l e  use of coa l , ( 3 )  to assess pos s i b l e  
byp rodu ct recove ry , and ( 4) t o  p rov i de a base for 
mak i ng geo l og i ca l  and geochem i ca l  i n terpretat i ons . 

EnvironJ17enta� implications : I n concen t ra ted 
amount s ,  some t race and m i no r  e l ements in coa l may 
cause env i ronmenta l p rob l ems . C u r rent i n tere s t  i s  
focu sed on the amounts of mercu ry , arsen i c ,  se l en i um ,  
a n t i mony , f l uo r i ne ,  cadm i um ,  l ead , boron , and bery l l i um 
tha t may be re l ea sed to the a tmosphere du r i ng coa l 
combu s t i on or to s o i l s  and wa te r f rom coa l ash .  The 
Federa l C l ean A i r Ac t of 1 970 sets S02 con t ro l s ,  and 
i nd i cates t ha t  em i s s i on s tandards  w i l l  be set for 
bot h  bery l l i um and me rcu r y .  Very l i ke l y  w i t h i n the 

next decade s tanda rds a l so w i l l  be set for a rsen i c , 
se l en i um, f l uo r i ne ,  a nd cadm i um .  

The concen t ra t i on l eve l o f  a n  e l ement i n  coa l 
d oes not d i rect l y  i nd i cate the concen t ra t i on l eve l or 
the form in  wh i ch an e l ement is  em i t ted f rom a coa l 
f i red power p l an t .  After combu s t i on ,  the  re l a t i ve 
amounts of an e l ement i n  t he bot tom a s h ,  f l y  as h ,  f l ue 
gas , o r  p rocess  wa ter ,  depend upon many facto r s ,  i n
c l ud i ng s i ze and opera t i ng tempe rature of the fu rnaces , 
number and eff i c i ency of t he s crubbe r s  and p rec i p i ta
tors , and t he m i nera l og i ca l  compos i t i on of the ash . 
For examp l e ,  i n  a s tudy of t hree power s t a t i ons by 
Rad i an Corporat i on for EPA ,  the s e l en i um em i ss i on to 
the a tmosphere ranged f rom a few to a l most  65 percent 
of the se l en i um i n i t i a l l y  i n  the coa l ( Rad i an Corpora
t i on ,  1 975) . 

The f i r s t  s tep i n  eva l ua t i ng the fate of each 
e l ement  d u r i ng combus t i on i s  to determi ne how much and 
i n  wha t form each e l ement i s  i n  the coa l . W i th th i s  
know l edge ,  prefe rab l y  obta i ned before m i n i ng and u t i l i 
zat i on ,  p l ans can be made to cont ro l , or a t  l ea s t  m i n i 
m i z e ,  prob l ems that  may a r i se .  Cont i ngency p l ans may 
i nc l ude s e l ec t ive  m i n i ng ,  prewash i ng the coa l , o r  
b l end i ng w i th o t h e r  coa l . 

Techno�ogica� use :  Trace a nd m i no r  e l ement 
compos i t i on of t he coa l can be a factor i n  p l ant de
s i gn ,  and i n  the phys i ca l  prepara t i on of the coa l 
necessa ry p r i or to u s e .  Bo i l e r  fou l i ng and corros i on 
a re potent i a l l y  ser i ous  p rob l ems that  a re caused p r i 
mar i l y b y  h i gh concentra t i ons o f  a l ka l i meta l s  (pa rt i 
cu l a r l y  sod i um) , s u l f u r ,  and ch l or i ne .  I n  cok i ng coa l s ,  
e l ements  such a s  phospho rous and arsen i c  tend to l ower 
the s tee l  q ua l i ty ,  and t he i r  concent ra t i ons and d i s-
t r  i but  i on have to be cons i de red . I f the coa 1 i s  to 
be u sed for coa l gas i f i ca t i on or l i q u i fact i on ,  the con
cen t rat i on and d i s t r i but i on of poss i b l e  cata l y t i c  po i 
sons , such a s  vanad i um ,  need to be known . Not every 
t race or m i no r  e l emen t i n  coa l i s  detr i menta l ,  however ;  
for examp l e ,  h i gh concen t ra t i ons o f  ces i um and potas
s i um i n  the coa l may be a def i n i te asset  i f  the coa l i s  
be i ng cons i de red for a magnetohyd rodynam i c  power p l ant .  

Byproduct recovery : Some e l emen t s  i n  coa l may 
be concent rated suff i e i en t l y  to be of econom i c  i nteres t .  I I  
The best examp l e  i s  z i nc wh i ch i s  l oca l l y  p resent a s  � 

spha l er i te (ZnS)  i n  the  coa l of nor thwestern  1 1 1 i no i s ,  I 
sou theas tern I owa , and northeas tern and sou t hwes tern I r  
M i ssou r i . I n  t he coa l of t h i s  reg i on ,  spha l er i te i l  
occu r s  w i t h  pyr i te ,  ca l c i te ,  and kao l i n i te i n  ve r t i ca l  
c l eats  or f ractures . Because of t h e  re l a t i ve l y  h i gh 
su l fu r  con ten t  of th i s  coa l , t he coa l i s  common l y  
was hed befo re use to remove mos t  of the su l f i de m i ner-
a l s  by g rav i ty sepa ra t i on .  Thu s ,  the spha l er i te i s  
removed and concentrated i n  the heavy m i nera l fract ion .  
The max i mum content d e termi ned i n  a m i nea b l e  coa l i s  
a bout  6 , 000 par ts - per-mi l l i on z i nc ,  ca l cu l a ted on a 
who l e- coa l bas i s ,  o r  abou t 3 percent of the ash . I f  
a l l o f  the  z i nc cou l d  be recovered i n  a coa l -was h i ng 
p l ant , f rom a m i ne p rod uc i ng one m i l l i on tons of th i s  
coa l per yea r ,  a n  o re con ta i n i ng about 6 , 000 tons of 
e l emen ta l z i nc cou l d  be s h i pped to a sme l ter each yea r .  
W i t h  z i nc current l y  ,se l l i ng for  about 3 7c a pound , the 
6 , 000 tons cou l d  rep resent nea r l y  $ 4 . 5 m i l l i on worth  
of z i nc .  

O ther  e l ement s  tha t may be econom i ca l l y  re
coverab l e  f rom coa l i nc l ude germa n i um,  se l en i um ,  
u ran i um,  a n d  vanac i um .  I n  the cu r rent  s t udy , concen-



On e q ua r t  ( ab ou t  600 g) o f  coal s p l i t  
I Raw c o a l  as r e c e ived ( ab o u t  

5 pound s , o r  2 . 3 kg , b r oken t o  3 cm) J I It f o r  U . S .  Bureau o f  Mines analys is ou I A i r  d r y  in oven at 3 2 ° C  I 
\ 1 Samp l e  c r u s h e d  and t h en gr ound .---

U l t imate and p r o x ima t e  an aly s e s  i n  ver t ic a l  Braun p u lver i z e r  One-p int ( ab o u t  300 g ) ( p rocedures d e s c r ib e d  in U . S .  us�ng ceram i c  p la t e s  s e t  t o  crushed c oal s p l i t  o u t  8ur . Mines Bu l l .  638 , 1967 , p a s s  80 mesh , and mixed for s t o rage 
p .  3-12)  I 1 Raw ground coal 1 

r 
( 2 5  t o  7 5  g )  a s h e d  a t  U l t imate P r oxima t e  analys is Ground coal 

W e t  chemi cal ana lys is analy s i s  525°C and p e r c e n t  a s h  c a l c u l a t ed , X-ray 
and s u l furs ash then mixed f luor-P e r c e n t  mo i s ture , Hg ( f lame l e s s  a t omic es cence volat i l e  mat t e r , 

a d s o r p t ion Percent ash f ixed c arbon , and r C o a l  ash I S b  ( c o l o r ime t r i c )  C ash As ( c o l o r ime t r i c )  S e  H 
0 F ( s e l e c t ive ion 

N e l e c trod e )  
S ( t o t a l )  
S ( s u l f a t e )  r I I ( p yr i t ic )  S 

S ix- s t e p  s p e c t r o g ra p h i c  S ( o r g an i c )  We t chem i c a l  
X-ray f l uorescen c e  

ana lys i s  analy s is ( 6 3  e leme n ts  l ooked f o r )  
a n a ly s i s E l emen t s  gen e r a l ly r e p o r t e d : (a tomi c 

ab s o r p t ion) 
N b  A l  B 

Ba N i  C a  
Mg 

Fe Na B e  5 c  

Cd C o  5 r  K 
P 

H e a t  value Cu C r  V 
5 i  L i  G a  Y 
5 B t u  per pound Mn Ge Yb 
T i  ( c a l  per k g )  Pb La Z r  C1 Zn Mo I 

F i g .  2 :  F l ow cha r t  s how i ng sequence of samp l e  p re pa ra t i on and chem i ca l  ana l ys i s .  ( from Swanson and Huffman , 
1 976 , F i g .  I )  
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P R I NC I P L E  PHASES I N  C OAL MAJO R  E L EMENTS M I NOR AND TRACE E LEMENTS 

A. O rga n i c  f ract i on C ,  H ,  N ,  0 S ,  Fe , T i , B ,  N i , V ,  Cu , Mo , Co, 
C r ,  Ga , Mn , Ge , Be 
( Na , Ca, Mg , S r ,  and Ba i n  l ower 
rank coa l s ) 

B .  S i l i ca te f ract i on 
C l ays S i , A I , K ,  Mg , Ca , 0 B ,  T i , l r ,  Fe , Cu , V ,  C r ,  N i ,  Mn , 

Pb , Sc , Ga , L i  Quartz  

C .  Su l f i de f ract i on 
Pyr i te o r  ma rca s i te 
Spha l e r i te 

Fe , S 
I n ,  S 

As , Hg , S b ,  Cu , N i , Co, Se , Ag 
Cd , Ge 

D .  Carbonate f ract i on Ca , Mg , Fe , C ,  0 Mn ,  S r ,  Ba 

E .  Other  m i ne r a l  f ract i ons  
Phosphate Ca , P ,  0 
S u  l fate 
Oxi de 

Ca , Ba , Na , S ,  0 
T i , Th , Mn , 0 

F ,  U 
S r  

F i g . 3 :  Assoc i a t i on o f  maj o r ,  m i no r  and t race e l emen ts w i th each o f  the p r i nc i p l e  phases o f  coa l .  

t ra t ions  of german i um i n  coa l ash  of up to 1 , 000 parts
per-m i l l i on ( 0 . 1 percen t )  have been determ i ned for sam
p l es f rom the ea s te rn Un i ted S tates . 

GeochemicaZ interpretations : The fou r t h  reason 
for chem i ca l  ana l yses of coa l is to obta i n  geochemi ca l  
i nforma t i on .  The geochem i ca l  behav i or of a n  e l ement 
can be bet ter  unders tood t h rough know l ed ge of i ts d i s
t r i bu t i on among t he seve ra l  organ i c  and m i nera l compon
ents of coa l .  Reg i ona l ,  l oca l , and  s t ra t i g raph i c  va r i 
a t i ons  i n  e l emen t  concen t ra t i ons o r  i n  rat i os between 
e l ements  may l ead to a bet ter  unde r s ta nd i ng of pa l eodepos i 
t i ona l p rocesses and subsequent geo l og i c  h i s tory . I t  
s hou l d  be emphas i zed , however ,  tha t t race and m i no r  e l e
men t data by t hemse l ves , to da te , have supp l i ed few 
u n i que geo l og i ca l  i nterp retat i ons . Geo l og i ca l l y  u sefu l 
i nforma t i on supp l i ed by e l emen t  data w i l l  mo re than 
l i ke l y  be supp l emen t a l  to i nfo rma t i on supp l i ed by de
ta i l ed s t ra t i g raph i c  a nd sed i mento l og i ca l  s t ud i es .  

The re a re two p r i ma ry p rob l ems i n  bas i ng geo l o
g i c  i nterpreta t i ons on e l ement data on l y :  F i rs t ,  the 
g i ven e l emen t may have been f i xed i n  the coa l a t  severa l  
d i f fe rent  t i me per i ods ,  and , second , the e l ement may be 
i n  the coa l i n  one or more phases . An e l ement may be 
i ncorpora ted i n  the coa l th rough f i xa t i on i n  the o r i 
g i na l  p l ant  ma te r i a l  o r  b rough t  i n  w i t h  det r i ta l  m i nera l s ,  
th rough adsorp t i on by organ i c  compounds du r i ng the pea t 
s tage,  o r  t hrough depos i t i on of m i nera l s  i n  c l eats  o r  
f ractu res from g round wa ter o r  hyd rotherma l so l u t i ons 
mov i ng t h rough t he coa l . One consequence of mu l t i p l e  
depos i t i ona l p rocesses i s  tha t a n  e l emen t  may occu r 
i n  the coa l i n  a va r i ety  of phases . F i gure 3 i l l us
t ra tes the pos s i b l e  res i dence s i tes of many of the 
maj o r ,  m i no r  a nd t race e l emen ts i n  coa l . Sources of 
i nforma t i on summa r i zed i n  th i s  f i gu re i nc l ude C l a rk 
and  Swa i ne ( 1 962) , and lubov i c  and others ( 1 960 and 
1 96 1 )  • 

The p r i nc i pa l  conc l u s i on to be d rawn from 
F i gure 3 i s  that many e l emen t s  have more than one 
pos s i b l e  phase a s soc i a t i on i n  the coa l . Ca l c i um ,  for 
examp l e ,  may occu r i n  t he coa l as an i nso l ub l e  humate 
( Fuch s , 1 935 ) , poss i b l y  i nc l uded i n  the expandab l e  
or m i xed - l aye r c l ay m i nera l s  des c r i bed i n  coa l by G l usko '  
ter ( 1 967) , i n  ca l c i te o r  do l om i te ( Rao  and G l uskoter ,  
1 973) , i n  apa t i te (Ruch  and  others , 1 974 , p l a te I )  or  
i n  the gypsum observed on mos t  coa l outcrops . 

The geo l og i ca l app l i ca t i on of t race and m i nor 
e l emen t  data requ i res know l edge of the concen t ra t i on 
l eve l of an e l emen t ,  and  a l so the d i s t r i but i on of that 
e l emen t  w i th i n  t he coa l bed . An examp l e  of the geo
l og i ca l  use of e l ement d a ta i s  i n  the use of boron as a 
pa l eosa l i n i ty i nd i ca to r .  Many resea rchers , i nc l ud i ng 
Wa l ker  ( 1 968) , Couch ( 1 97 1 ) ,  and Bohor and G l uskoter 
( 1 973) , have shown that boron concen t ra t i on i n  i l l i te 
i s  an i nd i ca to r  of the pa l eosa l i n i ty .  An ana l ys i s  of 
tota l boron i n  coa l wou l d  i nc l ude the o rga n i ca l l y  bound 
boron , boron i n  c l ays other than i l l  i te ,  as we l l  as 
boron in o t her  det r i ta l  m i nera l s  such a s  tou rma l i ne . 
The refore , because of t hese d i fferen t boron res i dence 
s i tes , any reported boron ana l yses of coa l w i l l  be 
re l a t i ve l y  use l ess  for  pa l eosa l i n i ty determ i na t i ons 
un t i l the d i s t r i but i on of  boron w i th i n  each coa l i s  
ca refu l l y determ i ned . 

CHEM I CAL COMPOS I T I ON O F  WESTERN COAL 

,.: 

, '\1: 

Stat i s t i c a l  summa r i es a re presented for current ) '" 
ava i l ab l e  modern U . S .  Geo l og i ca l  S u rvey a na l yses of 'II 
coa l f rom the No rthern Great P l a i ns and Rocky Mounta i n  
prov i nces ; from the For t  Un i on and Powder  R i ver  reg ions ;" 
and f rom t he San Juan R i ver  reg i on and  B l ack Mesa f i e l d . •  
For compa r i son , a s t a t i st i ca l  s umma ry  o f  I n ter i o r  Pro- � 
v i nce coa l fo l l ows t hose of the Northern G reat P l a i ns � 

\ 
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and Rocky Mounta i n  p rov i nce . Two ta b l es a re g i ven for 
each of these 7 a reas ; the f i r s t  tab l e  l i s ts  means  and 
ranges of maj o r  and m i no r  ox i des and 5 t race e l emen t s  i n  
ash of coa l ;  the second ta b l e  p resen ts the mean s  and  
ranges of e l emen t s  mea s u red d i rect l y  on who l e  coa l ,  
or ca l cu l a ted f rom a s h  ana l y ses to a who l e-coa l bas i s  
and i nc l udes a l i s t i ng of the average compos i t i on of 

' 

sha le  (Tu reki an  and Wedepoh l ,  1 96 1 , ta b l e  2) for com
pa r i son . 

Many of the ch�m i ca l  ana l y ses u sed to compu te 
the stat i s t i ca l  summa r i es p resen ted on Tab l es 2 t h rough 
8 are I i s ted i n  Swanson ( 1 972) , U . S .  Geo l og i ca l  Su rvey 
and Montana Bureau of M i nes and Geo l ogy ( 1 973 , 1 97 4 ,  
and 1 976) , U . S .  Bu reau of  Land Managemen t ( 1 975a , b ,  
and c) , G l ass ( 1 975) , Swanson a n d  o t h e r s  ( 1 974) , a nd 
Swanson and others ( 1 976) . 

I n  th i s  repo r t  the geome t r i c  mean (GM)  i s  used 
as the est i ma te of the mos t  p roba b l e  concent ra t i on (mode ) ; 
the geometr i c  mean i s  the a n t i l og of t he mean of the l og
r i thm of concen t ra t i on .  The mea sure  of s ca t t e r  about the 
mode used here i s  the geome t r i c  d ev i a t i on ( GD )  wh i ch i s  
the ant i l og of the s tandard dev i a t i on of  the l oga r i thms 
of concent ra t i on . These s ta t i s  t i cs a re u sed because  of 
the common tendency for the amou n t s  of t race e l emen t s  
i n  natura l mater i a l s t o  exh i b i t  pos i t i ve l y  skewed f re
quency d i str i bu t i on s ;  these d i s t r i bu t i on s  a re norma l i zed 
by ana l yz i ng and summa r i z i ng t race e l ement data on  a 
logar i thm ic  bas i s .  

I f  the f requency d i s t r i but i ons a re l ognorma l , 
the geome t r i c  mean i s  the bes t est i ma te of the mode , 
and the es t i mated range of the cen t ra l  two- t h i  rds of the 
observed d i s t r i bu t i on has a l owe r l i m i t equa l to GM/GD 
and an upper l i m i t equa l to GM · GD . The est i ma ted range 
of the centra l  95 percen t of the  o�se rved d i s t r i bu t i on 
has a lower I i m i t equa l to GM/ (GD) and  an upper  l i m i t  
equa l  to GM · (GD) 2 (Connor and others , 1 976) . 

A l though the geometr i c  mean i s ,  i n  genera l , an  
adequate est i mate of the mos t common concen t ra t i on ,  i t  i s ,  
neverthe les s ,  a b i ased est i mate of  the a r i thme t i c  mean . 
I n  t he summary tab l es of data , the es t i mates of the 
ari thmet i c  means a re S i ch e l ' s  t s t a t i s t i c  ( M i esch , 1 967) . 
I n  th i s  report the te rms a r i thmet i c  mean , average va l ue ,  
and abundance a re used synonymous I y .  

A common p rob l em i n  s t a t i s t i ca l  summa r i es of 
t race e lement data a r i ses when t he e l emen t  concent ra t i on 
in one or more of the samp l es i s  be l ow the l i m i t  of 
anal yt i ca l  detect i o n ,  resu l t i ng i n  a censored d i s t r i 
but ion .  Proced u res deve l oped by Cohen ( 1 959)  were used 
� compute unb i ased est i ma tes of the geome t r i c  mea n ,  
geomet r i c  dev i a t i on ,  and a r i thme t i c  mean where the con
cen t rat ion data a re cen so red . 

01 S CUSS I ON 

A compa r i son  of t he average (a r i thmet i c  mean )  
oompos i t i on o f  a s h  o f  coa l f rom t h e  Nor t hern  G reat  
P l a i ns , Rocky Mou nta i n ,  and  I n te r i or prov i nces (Tab l es 
2a , 3a , and 4a ) s hows that  the CaO , MgO , Na20 ,  and  
S�3 content of t he a s h  of Northe rn G reat  P I � i ns p ro
V i nce coa l i s  a bout  two t i mes g reater  than  I n  the other  
�o p rov i nces . The a s h  of Rocky Mounta i n  p rov i nce coa l 
i s  s i mi l a r l y  h i gher  i n  S i 0 2 and

.
A I 203 : wh i l � the  ash  of 

I n ter i or p rov i nce coa l i s  two t i mes h i gher  I n  K20 ,  
�20 , and MnO , and In , Cd , and P b  a re f i ve t o  �5 
ti me� h i gher .  The ave rage a s h  con tent  of I nter i or p ro
vi nce coa l i s 50 p ercent g rea ter than  that  of Nor thern 
Great P I a i ns coa I . 

When compa red on a who l e- coa l bas i s ,  Northern  

G reat P l a i ns p rov i nce coa l has a h i gher  Mg a nd Sr  con
ten t ,  Rocky Mou nta i n  p rov i nce coa l I s  h i gher  i n  S i  and  
A I , wh i l e the I nte r i or p rov i nce coa l i s  d i s t i nc t l y  
h i gher i n  K ,  Fe , Mn , As , Cd , C u ,  P b ,  S b ,  S e ,  U ,  In , 
Be ,  Co , C r ,  Mo , and N i . 

A compa r i son of the average compos i t i on of coa l 
a s h  f rom For t  Un i on reg i on coa l w i th coa l a s h  f rom Powd e r  
R i ve r  reg i on coa l (Tab l es Sa a n d  6a ) shows that  t h e  Fo r t  
Un i on coa l a s h  con ta i ns nea r l y  tw i ce a s  much MgO a nd 
Na20 ,  wh i l e Powd e r  R i ve r  reg i on coa l a s h  h a s  a h i gher  
con tent of S i 02 , A 1 203 , K20 ,  Cu , Pb ,  a nd I n . The  aver
age a s h  content  of the coa l f rom the  two reg i on s  i s  very 
s i m i  l a r .  

When compa red o n  a whol e-coa l bas i s  (Tab l es 5 b  
and  6b)  For t  Un i on reg i on coa l h a s  a M g  a n d  N a  con t e n t  
a bou t t� i ce tha t of coa l i n  t he Powde r  R i ve r  reg i on ,  wh i l e  
Powde r  R i ve r  reg i on coa l i s  s i gn i f i can t l y  h i g h e r  i n  S i , 
A I , K ,  C u ,  Th , I n ,  C r ,  N i ,  and  V .  

A compa r i son  of the compos i t i on  o f  coa l a s h  f rom 
the San Juan R i ve r  reg i on w i th that  f rom the B l ack  Mesa 
f i e l d  (Tab l es 7a  and  Ba)  s hows that  the San  Juan  R i ve r  
reg ion  coa l a s h  i s  s i g n i f i ca n t l y  h i gher  i n  S i 02 , A 1 2 03 , 
L i , and  P b , wh i l e t he a s h  of coa l f rom t he B l aCK 
Mesa f i e l d  i s  s i gn i f i ca n t l y  h i gher  i n  CaO , MgO, Fe203 , 
a nd S03 ' 

When a compa r i son i s  made on a who l e-coa l bas i s  
(Tab l es 7b and  Bb) , San J ua n  R i ve r  reg i on coa l h a s  
s i gn i f i ca n t l y  h i g he r  con t e n t s  of  S i , A I , N a , K ,  Mn , 
T i , Cu , F ,  Hg , L i , P b ,  T h ,  U ,  I n ,  B ,  Ga , V ,  and  l r .  
Because San J uan R i ve r  reg i on coa l has  more than  tw i ce 
the ave rage a s h  con tent  when compa red to B l ack  Mesa 
f i e l d  coa l ( 2 1 . 1  ve r s u s  B . o  p e rcent ) ,  many of t hese  
e l emen t s  very l i ke l y  a re a s soc i a ted w i t h  d e t r i ta l  m i ne ra l s 
i n  the  coa l . 

SUMMARY O B S E RVAT I ONS  

I .  When t race e l eme n t  conten t s  i n  coa l f rom the 
Northern  G reat  P l a i ns and  Rocky Moun t a i n  p rov i nces  a re 
compa red to I n te r i o r p rov i nce coa l , t he Nor thern  G rea t 
P l a i ns a nd Rocky Mounta i n  coa l con t a i ns a p p rec i ab l y  
l esser  amounts  of mos t  e l eme n t s  of e n v i ronme n t a l conce r n .  
I n  Wes tern  coa l one j us t  does n o t  f i nd t h e  1 50 ppm Se 
or  250 ppm As va l ues i n  the who l e  coa l , or 6 0 , 000 ppm 
In  o r  5Bo ppm Cd that have been noted i n  the a s h  of  some 
I nte r i or or Eastern  p rov i nce samp l es .  

2 .  H i gher  concent ra t i on s  of  Mg , and  Na a re 
p resent  i n  Northe rn G reat  P l a i ns and  Rocky Mounta i n  
coa l than  i n  I n ter i o r  p rov i nce coa l .  Coa l f rom t he 
Fort  Un i on reg i on i s  pa r t i cu l a r l y  h i gh i n  these  two 
e l ement s . 

3 .  To date , no concen t ra t i on s  of t ra ce a n d  m i nor  
e l emehts  i n  Northern  G reat  P l a i ns and  Rocky Mou n t a i n  
coa l appear to be suff i c i en t l y  h i gh to be of econom i c  
i n teres  t .  

4 .  The average u r an i um con tent  i n  m i nea b l e  coa l 
f rom the For t  Un i on reg i on i s  1 . 0 ppm . Th i s  i nforma t i on 
s hou l d  serve to d i s p e l  the  m i s ta ken be l i ef t h a t  l a rge 
amounts of  u ran i um cou l d  be recovered f rom l i g n i te 
be i ng m i ned i n  t h i s  reg i on .  

5 .  I n  a compa r i son o f  t he average t ra ce a nd 
m i nor e l ement contents  of coa l a nd s ha l e ,  on l y  
se l en i um (Se)  i s  cons i s ten t l y  e n r i ched i n  the  coa l 
as compa red to sha l e .  Coa l , as a rock type , i s  de
p l eted i n  mos t  othe r  m i nor and  t race e l emen t s . 

I n  summa ry , one can conc l ude that  t race and  
m i no r  e l ement i nforma t i on w i l l  become i nc reas i ng l y  
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Tab l e  2a : A r i thme t i c  mean , obse rved rang e ,  geomet r i c  mean , and geomet r i c  dev i at i on of 1 5  maj or  and  m i no r  ox i des 
and t race e l ement s  i n  the ash of  490 Northe rn G reat P l a i n s  p rov i nce coa l samp l es .  

(A l l  samp l es were ashed a t  525°C ;  L after a va l ue means  l es s  than the va l ue shown )  

Arithmet ic 
Observed 

Geometric 
Oxide or mean 

range 
mean Geometric 

element (abundance) Minimum Maximum (expected value) deviat ion 

Ash % 9 . 8  3 . 2  84 . 9  9 . 0  1 . 5  

S i0
2 

% 29 1 . 0  L 69 24 1 . 8  

A1
2

0
3 

% 14 2 . 6  30 1 3  1 . 5  

CaO % 19 . 36 49  16 1 . 8  

MgO % 4 . 59 . 2 8 14 . 3  4 . 00 1 . 7  

Na
2

0 % 2 . 07 . 2 7 12 . 4  1 . 00 3 . 3  

K20 % . 45 . 022 3 . 1  . 2 2 3 . 3  

Fe
2

0
3 

% 7 . 5  . 12 7 7  5 . 6  2 . 1  

MIlO % . 060 . 0 2 L . 4 5 . 0 34 2 . 9  

T i0
2 

% . 6 7 . 082 1 .  61  . 59 1 . 6  

S 0
3 

% 1 7  . 28 4 5  1 5  1 . 8  

Cd ppm . 8  1 . 0  L 20 . 5  2 . 4  

Cu ppm 114 4 . 6  685 9 1  2 . 0  

L i  ppm 54 5 L 186 40 2 . 2  

Pb ppm 62 25 L 1 , 660 49 2 . 0  

Zn ppm 186 12 2 , 480 106 2 . 8  
It 
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Tab l e  2b :  Ar i thme t i c  mean ,  observed range  geome t r i c  mean and geomet r i c dev i�t i on of 36  e l ement s i n  490 N� rthern  G reat  P l a i n s  p rov i nce coa l s�mp l es (who l e-co� l bas i s ) .  For compa r i son average s ha l e  va l ues a re l i s ted (Turek i an and  Wedepoh l ,  1 96 1 ) 

(As , F ,  Hg , S b ,  S e ,  T h ,  and  U va l ues used to ca l c u l ate  the s ta t i s t i cs were determ i ned d i rect l y  on who l e-coa l .  
A l l other va l ues used we re ca l cu l ated f rom determ i na t i on s  made on coa l a s h .  L mean s  l es s  than  t h e  va l ue 
s hown ) 

Geometric 
Arithmetic 

Obs erved 
mean 

mean range 
( expec t ed Geometric Average 

Element (abundance) Minimum Maximum value ) deviat ion shale 

Si % 1 . 4  0 . 01 L 2 5  1 . 0  2 . 3  7 . 3  
Al % . 7 3 . 1 1 11 . 61 1 . 8 8 . 0  
Ca % 1 . 2  . 086 7 . 8  1 . 0  1 . 6  2 . 2 1 
Mg % . 2 38 . 013 . 7 5 8  . 2 18 1 . 5  1 .  5 5  
Na % . 122 . 001 . 6 7 2  . 06 7  3 . 0  . 9 6 
K % . 042 . 001L 1 . 2 . 018 3 . 7  2 . 66 
Fe % . 55 . 010 14 . 36 2 . 5  4 . 7 2 
Mn ppm 50 9 . 0  L 440 33 2 . 5  8 5 0  
Ti % . 040 . 004 . 1 3 . 0 34 1 . 7  . 46 
As ppm 4 1 L 4 5  2 2 . 5  13  
Cd ppm . 08 . 02 2 . 7  .0 4  2 . 8  . 3  
Cu ppm 10 . 5  . 34 76  8 . 2  2 . 0  4 5  
F ppm 47 20 L 340 38 1 . 9  740  
Hg ppm . 11 . 01 L 3 . 8  . 08 2 . 2 . 4  
Li ppm 5 . 6  . 3 2 L 49 . 2  3 . 6  2 . 6 66 
Pb ppm 5 . 9  1 . 2  L 76  4 . 8 1 . 9 2 0  
Sb ppm . 6  . 1  L 4 3  . 4  2 . 6  1 . 5  
Se ppm . 9  . 1  L 13 . 6  2 . 4  . 6  
Th ppm 4 . 3 . 04 28 3 . 4  2 . 0  1 2  
U ppm . 9  . 07 7 . 5  . 6  2 . 6  3 . 7  
Zn ppm 17 . 9  1 . 0  218 9 . 4  3 . 1  9 5  
B ppm 70 15 300 7 0  1 . 8  100 
Ba ppm 500 10 2 , 000 300 2 . 3 580 
Be ppm . 7  . 1  L 15 . 5  2 . 4  3 
Co ppm 2 . 3  L 20 2 2 . 1  19 
Cr ppm 5 . 5  100 3 2 . 3  9 0  
Ga ppm 2 . 5  20 2 1 . 9  19 
Mo ppm 2 . 3  L 70 1 . 5  2 . 4  2 . 6  
Nb ppm 1 . 5  . 7  L 30 . 7  3 . 3  11 
Ni ppm 5 . 5  L 300 2 2 . 5  68 
S c  ppm 2 . 5  L 20 1 . 5 1 . 8  1 3  
S r  ppm 300 15 1 , 500 200 2 . 3  300 
V ppm 15 1 150 10 2 . 3 130 
Y ppm 5 . 7  L 30 3 2 . 1  2 6  
Yb ppm . 3  . 07 L 3 . 3  2 . 0  2 . 6  
Zr ppm 15 2 150 15 1 . 8  160 
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Tab l e  3a : A r i t hme t i c  mean , observed range , geomet r i c  mean , and geome t r i c  dev i a t i on of 1 5  maj o r  and m i nor  ox i des 
and  t race e l emen t s  i n  the  ash  of 295 Rocky Mounta i n  p rov i nce coa l samp l es .  

( A l l samp l es were as hed a t  5250C ;  L after  a va l ue means  l es s  t han the va l ue s hown ) 

Arithmetic 
Ob s erved 

Geometric 
Oxide or mean 

range mean Geometric 
element (abundance) Minimum Maximum (expec ted value) deviation 

Ash % l 3 . 3 1 .  7 6  88 . 2  10 . 9  1 . 9  

S i0
2 

% 46 15 79 44 1 . 4  

A1
2

0
3 

% 2 1  4 . 3  35 19 1 . 4  

CaO % 8 . 9 . 21 35 6 . 2  2 . 4  

MgO % 1 .  63 . 2 2 7 . 10 1 . 4  1 . 8  

Na
2

0 % 1 .  39 . 08 8 . 56 . 68 3 . 3  

K
2

0 % . 65 . 05 3 . 0  . 4 5 2 . 3  

Fe
2

0
3 

% 7 . 6  1 . 1 26 4 . 5  2 . 8  

MnO % . 049 . 004 . 5 5 . 029 2 . 8  

Ti0
2 

% . 89 . on 1 . 8  . 81 1 . 6  

S 0
3 

% 8 . 4  . 10L 29 5 . 1  2 . 7 

Cd ppm . 7  . 5  L 4 . 0  . 6  1 . 9  

Cu ppm 87 22 1 , 260 7 7  1 . 6  

Li ppm 88 10 L 328 73 1 . 9  

Pb ppm 45 20 L 195 41 1 . 5  

Zn ppm 7 7  l3 1 , 820 62 1 . 9 
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Tab l e  3 b :  A r i thmet i c  mean b Moun ta i n  p rov i n e  i 0 served range) geomet r i c  mea n ,  and  geome t r i c  dev i a t i on of  36  e l ements  i n  295 Rocky 
k i an and Wedepoh� ,

c�;6 1 )amp l es (who l e-coa l  bas i s ) . For compa r i son average s ha l e  va l ues  a re l i s ted (Tu re-

(As , F .  Hg , S b ,  S e ,  Th and U v I 
A l l other va l ' 

d 
a ues used to ca l c u l ate the stat i s t i cs we re determ i ned d i rect l y  on who l e-coa l .  

shown ) 
ues use  were ca l cu l a ted f rom determ i nat i on s  made on coa l a s h .  L mean s  l es s  than t he va l ue 

Geometric 
Arithmetic 

Observed 
mean 

mean range 
( expected Geometric Average 

Element (abundance) Minimum Maximum value) d eviation shale 

Si % 3 . 2  0 . 9 2 3  2 . 3  2 . 3  7 . 3  
Al % 1 . 6 . 14 13 1 . 1  2 . 3  8 . 0  
Ca % . 61 . 05 3 . 7 . 48 2 . 0  2 . 2 1 
Mg % . 10 7  . 015 . 76 . 089 1 . 8  1 . 55 
Na % . 155 . 002 . 76 . 05 5  4 . 2  . 96 
K % . 09 2  . 003 1 . 7 . 04 1  3 . 6  2 . 66 
Fe % . 64 . 10 4 . 2  . 34 3 . 1 4 . 7 2  
Mn ppm 33 2 . 7  492 20 2 . 6  85 0  
T i  % . 062 . 00 lL . 54 . 04 7  2 . 1  . 46 
As ppm 2 1 L 50 2 2 . 5  1 3  
Cd ppm . 08 . 02 1  . 50 . 05 2 . 7  . 3  
Cu ppm 10 . 8  1 . 3 100 8 . 4  2 . 0  4 5  
F ppm 95 20 L 920 69  2 . 2  7 4 0  
H g  ppm . 08 . 01 1 . 48 . 05 2 . 4  . 4  
Li ppm 13 . 44 L 82 . 9  8 . 0  2 . 7  6 6  
Pb ppm 6 . 5  . 9 5 62  4 . 7 2 . 2  2 0  
Sb ppm . 4  . 05 L 5 . 2  . 3  2 . 2  1 . 5 
Se ppm 1 . 6  . 10L 5 . 7  1 . 2 2 . 1  . 6  
Th ppm 4 . 2  1 . 7 34 . 8  2 . 9  2 . 5  1 2  
U ppm 1 . 9  . 1  2 3 . 8  1 . 1  2 . 8  3 . 7  
Zn ppm 10 . 7  1 . 0  380 6 . 8  2 . 6  9 5  
B ppm 70 7 300 70 2 . 2  100 
Ba ppm 300 3 1 , 500 150 2 . 6  580 
Be ppm . 7  . 05 3 . 5  2 . 3 3 
Co ppm 2 . 3  10 1 . 5  2 . 0  19 
Cr ppm 5 . 5  70 5 2 . 2  90 
Ga ppm 5 . 3  30 3 2 . 3  19 
Mo ppm 2 . 2  15 1 . 5  2 . 3  2 . 6  
Nb ppm 1 . 3  30 . 5  2 . 6  11 
Ni ppm 3 . 7  20 2 2 . 1  68 
Sc ppm 2 . 3  15 1 . 5 2 . 0  13 
S r  ppm 100 5 700 100 2 . 1  300 
V ppm 15 1 . 5 100 100 2 . 1  1 30 
Y ppm 7 . 5  30 5 2 . 1  2 6  
Yb ppm . 7  . 03 3 . 5  2 . 2  2 . 6  
Zr ppm 30 3 100 20 2 . 3  160 
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Tab l e  4a : Ar i t hmet i c  mean , observed rang e ,  geomet r i c  mean , and geomet r i c  dev i at i on of 1 5  maj o r  and m i no r  ox i des 
and t race eJ ement s  in the  ash of 1 55 I nt e r i o r  p rov i nce coa l samp l es .  

(A l l samp l es were ashed a t  5250C ;  L after  a va l ue means l ess  than the va l ue shown) 

Arithmetic 
Observed 

Geometric 
Oxide or mean 

range 
mean Geometric 

element (abundance) Minimum Maximum (expected value) deviation 

Ash % 15 . 7  2 . 1  45 . 9  1 2 . 9  1 . 9  

S 10
2 

% 27  3 . 5  57 24 1 . 7  

A1
2

0
3 

% 13  1 . 4  31 11  1 . 7 

CaO %. 10 . 31 30 . 5 . 4  3 . 1 

MgO % 1 .  2 5  . 10 L 10 . 81 2 . 6  

Na
2

0 % . 37 . 08 3 . 4  . 2 7 2 . 2  

K2
0 % 1 . 3  . 07 3 . 2  . 99 2 . 0  

Fe
2

0
3 

% 30 3 . 6  69 26 1 . 7 

MnO % . 12 . 010 4 . 7  . 07 5  2 . 7  

T i0
2 

% . 62 . 10 1 . 4  . 54 1 . 7 

S 0
3 

% 7 . 0  . 38 29 4 . 8  2 . 4  

Cd ppm 48 1 L 580 . 8  18 . 5  

Cu ppm 147 26 632 126 1 . 7  

Li ppm 74 10 L 2 7 6  54 2 . 2  

Pb ppm 295 25 L 2 , 700 146 3 . 3  

Zn ppm 2 , 220 36 60 , 000 4 5 1  6 . 0  
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Tabl e
,
4b:  

. Ar l thmet l c  mean , observed rang e ,  geome t r i c  mean , and geomet r i c  dev i a t i on of 36 e l ements  i n  1 55 
� ter l o r  p rov i nce coa l samp l es (who l e-coa l ba5 i s ) . Fo r compa r i son average sha l e  va l ues a re 1 i s t ed (Tu rek l an and Wedepoh l ,  1 96 1 ) 

(As , F ,  Hg , S b ,  S e ,  T h ,  and U va l ues used to ca l cu l ate t he s ta t i s t i cs were determ i ned d i rect l y  on who l e-coa l . 
Al l other va l ues used were ca l cu l a ted from determ i nat i ons made on coa l a s h .  L mea n s  l es s  t han  the va l ue 
shown ; G means  g reater  t han t he va l ue s hown )  

Geometri c  
Arithmet i c  

Observed 
mean 

mean range 
(expected Geomet ric Average 

Element (abundance )  Minimum Maximum value) deviat ion shale 

Si % 2 . 0  . 14 9 . 0  1 . 4  2 . 3  7 . 3  
Al % . 9 7 . 15 3 . 6  . 7 7 2 . 0  8 . 0  
Ca % 1 . 2  . 02 5  6 . 3 . 50 3 . 8  2 . 21 
Mg % . 089 . 009 1 . 0  . 06 3  2 . 3 1 .  5 5  
Na % . 035 . 002 . 21 . 02 6  2 . 2  . 9 6 
K % . 16 . 011 . 5 3 . 11 2 . 4  2 . 66 
Fe % 3 . 3  . 2 3 16 2 . 3  2 . 4  4 . 7 2 
MIl ppm 138 4 . 4  4 , 400 72 3 . 1  8 5 0  
Ti % . 052 . 01 . 21 . 040 2 . 1  . 46 
As ppm 2 1  1 L 240 12 2 . 9  1 3  
Cd ppm 7 . 1  . 02 L 100 . 12 1 8 . 3  . 3  
Cu ppm 2 0 . 2 3 . 7 158 16 . 3  1 . 9  4 5  
F ppm 7 1  20 L 3 30 5 8  1 . 9  7 4 0  
H g  ppm . 14 . 01 L . 8 3 . 10 2 . 3  . 4  
Li ppm 11 . 44 80 7 . 0  2 . 7  6 6  
Pb ppm 55 . 7  L 2 8 3  19 4 . 3  2 0  
Sb ppm 1 . 7 . 1  L 16 . 8  3 . 4  1 . 5  
Se ppm 4 . 6  . 2 3 7 5  2 . 8  2 . 7  . 6  
Th ppm 5 . 2  3 . 0  L 7 9  1 . 6 4 . 8  1 2  
U ppm 3 . 3 . 2  L 4 3  1 . 4 3 . 8  3 . 7  
Zn ppm 37 3 1 . 2  18 , 000 5 8  6 . 9  9 5  
B ppm 100 1 . 5  L 200 50 3 . 4  100 
Ba ppm 7 0  5 3 , 000 30 2 . 6  5 8 0  
Be ppm 3 . 1  L 5 1 . 5  3 . 1  3 
Co ppm 7 1 100 7 2 . 3  19 
Cr ppm 15 2 7 0  10 2 . 0  9 0  
Ga ppm 5 . 5  L 10 3 2 . 0  19 
Mo ppm 5 . 7  L 50 2 2 . 8  2 . 6  
Nb ppm 1 . 5  . 5  L 7 . 7 2 . 6  11 
Ni ppm 30 1 200 18 2 . 4  6 8  
S c  ppm 3 . 51 15 3 2 . 1 1 3  
Sr ppm 50 3 5 , 000 G 30 2 . 8  300 
V ppm 20 3 150 20 2 . 1  1 30 
Y ppm 10 1 . 5  L 7 0  7 1 . 9  2 6  
Yb ppm . 7  . 2  3 . 7  2 . 0  2 . 6  
Z r  ppm 15 2 70 10 2 . 0  160 

153 
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Tab l e  Sa : A r i t hmet i c  mean , observed range , geomet r i c  mean , and geome t r i c  dev i at i on of 1 5  maj or and m i nor ox i des 
and t race e l ements i n  the ash of 80 For t  Un i on reg i on coa l samp l e s .  

( A l l samp l es were ashed a t  S2SoC ;  L shown after a va l ue means l ess  than the va l ue shown) 

Arithmetic 
Obs erved 

Geometric 
Oxide or mean range mean Geometric 

element (abundance) Minimum Maximum (expected value) deviation 

Ash % 9 . 5  5 . 04 25 . 6  9 . 0  1 . 4  

S i0
2 

% 18 1 . 0  4 7  1 3  2 . 1  

A1
2

0
3 

% 9 . 5  2 . 9  21 8 . 6  1 . 5 

CaO % 24 6 . 3  38 22 1 . 4  

MgO % 7 . 42 2 . 2 2 14 . 3  7 . 01 1 . 4 

Na
2

0 % 3 . 30 . 08 12 . 4  1 . 43 3 . 7  

K
2

0 % . 16 . 06 1 . 2  . 059 4 . 1  

Fe
2

0
3 

% 8 . 9  . 12 50 5 . 0  2 . 9  

MnO % . 041 . 036L . 12 . 019 3 . 6 

Ti0
2 

% . 60 . 09 1 . 1  . 49 1 . 9  

S 0
3 

% 22  6 . 7  45 19 1 . 6 

Cd ppm 1 L 1 L 1 1 L 

Cu ppm 56 4 6  132 42 2 . 1  

Li ppm 36 5 L 160 2 7  2 . 2 

Pb ppm 34 25 L 100 31 1 . 5  

Zn ppm 31 12 2 7 2  2 6  1 . 9 
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Tab l e  5� :  A r l �hmet l c  mean , obse rved range , geomet r i c  mean , and geomet r i c  dev i a t i on of 3 6  e l ement s  I n 80 For t  
Un i on reg i on coa l samp l es (who l e-coa l bas i s ) . For compa r i son ave rage sha l e  va l ues  a re l i s t ed (Tu rek i a n  
and Wedepoh l ,  1 96 1 )  

(As , F ,  Hg , S b ,  S e ,  Th , and U va l ues used to ca l cu l a te the s t a t i s t i cs were determ i ned d i rect l y  on who l e-coa l .  
A l l other va l ues used were ca l cu l a ted f rom determ i nat i ons  made on coa l a s h .  L means  l ess  than t he va l ue 
shown . )  

Geometric 
Ari thmetic 

Observed range 
mean 

mean (expected Geome t r ic Average 
Element (abundance) Minimum Maximum value) deviation shale 

Si % 0 . 85 0 . 0 3 5 . 0  0 . 55 2 . 5  7 . 3  
Al % . 48 . 11 1 . 7 . 41 1 . 7  8 . 0 
Ca % 1 . 5 . 78 2 . 8  1 . 4  1 . 3 2 . 21 
Mg % . 39 3  . 1 71 . 668 . 380 1 . 3 1 . 55 
Na % . 22 3  . 006 . 67 2  . 09 5  3 . 7  . 96 
K % . 013 . 01 L . 15 . 006 3 . 6  2 . 66 
Fe % . 63 . 01 8 . 9  . 32 3 . 3  4 . 72 
Mn ppm 41 20 L 118 29 2 . 3  850 
Ti % . 034 . 01 . 07 8  . 028 1 . 8  . 46 
As ppm 5 1 30 4 2 . 4  13 
Cd ppm . 1  L . 1  L . 2  . 1  L 3 . 6  . 3  
Cu ppm 5 . 3  . 3  15 . 4  3 . 8  2 . 3  4 5  
F ppm 35 20 L 120 26 2 . 1  7 4 0  
H g  ppm . 14 . 01 L . 60 . 09 2 . 4  . 4  
Li ppm 3 . 7  . 3  L 22 . 6  2 . 4  2 . 6 66 
Pb ppm 4 . 4  1 . 4 L 11 . 1  3 . 8  1 . 7 20 
Sb ppm . 4  . 1  3 . 0  . 2  2 . 4  1 . 5  
Se ppm . 7  . 1  2 . 0  . 6  1 . 8  . 6  
Th ppm 2 . 8  2 . 0  L 9 . 4  2 . 4  1 . 9  1 2  
U ppm 1 . 0  . 1  L 5 . 1  . 6  2 . 6  3 . 7  
Zn ppm 3 . 0  1 . 0  2 7 . 7  2 . 3  2 . 1  9 5  
B ppm 150 15 300 100 1 . 8  100 
Ba ppm 500 15 2 , 000 300 2 . 9  5 80 
Be ppm . 5  . 2  L 15 . 15 4 . 1  3 
Co ppm 2 . 3  L 3 1 . 5  2 . 2  19 
Cr ppm 2 . 5  10 1 . 5  1 . 9  9 0  
Ga ppm 1 . 5 . 5  7 1 . 5 1 . 7 19 
Mo ppm 1 . 5  . 3  L 10 1 2 . 3  2 . 6  
Nb ppm 1 . 5  1 . 5  L 5 1 4 . 0  11 
Ni ppm 1 . 5  . 7  L 7 1 . 5  1 . 8  68 
Sc ppm 2 . 5  L 7 1 . 5  1 . 9 13 
Sr ppm 500 150 1 , 500 500 1 . 7 300 
V ppm 5 1 30 3 2 . 2  130 
Y ppm 5 1 L 15 3 2 . 0  2 6  
Yb ppm . 3  . 1  L 1 . 5  . 2  1 . 9  2 . 6  
Zr ppm 15 2 70 10 2 . 1  160 
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Tab l e  6a : A r i t hmet i c  mea n ,  observed range , geomet r i c  mea n ,  and geomet r i c  dev i a t i on of 1 5  maj o r  and m i no r  ox i des 
and t race e l ement s  i n  the ash  of 4 1 0  Powder R i ve r  reg i on coa l samp l es 

(A l l samp l es were a s hed a t  5250C ;  L after  a va l ue means  l es s  than t he va l ue shown ) 

Arithmetic 
Observed 

Geometric 
Oxide or mean 

range 
mean 

element (abundance) Minimum Maximum (expected value) 

Ash % 9 . 9  3 . 2  84 . 9  9 . 0  

S i0
2 

% 30 5 . 8  69 28 

A1
2

0
3 

% 14 2 . 6  30 14 

CaO % 18 . 36 49  15 

MgO % 4 . 01 . 28 12 . 3  3 . 56 

Na
2

0 % 1 . 85 . 03 8 . 71 . 93 

K2
0 % . 50 . 02 L 3 . 1 . 2 8 

Fe
2

0
3 

% 7 . 3 . 39 77  5 . 8  

MnO % . 062 . 020L . 45 . 036 

T i0
2 

% . 68 . 08 1 . 6 . 61 

S0
3 

% 1 7  . 28 39 14 

Cd ppm . 8  1 L 20 . 6  

Cu ppm 123 30 685 107 

Li ppm 58 1 186 43 

Pb ppm 68 25 L 1 , 660 5 4  

Zn ppm 208 16 2 , 480 141 

Geometric 
deviation 

1 . 5  

1 . 6  

1 . 4  

1 . 8  

1 . 6 

3 . 2 

3 . 0 

2 . 0  

2 . 8  

1 . 6 

1 . 8  

2 . 4  

1 . 7 

2 . 2 

2 . 0  

2 . 4  
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Tab l e  6b :  A r i t hmet i c  m b . . 

R i  l
ean ,  0 served range,  geome t r i c  mean , and geome t r i C  dev i a t i on of 36 e l ements  i n  4 1 0  Powd e r  

v e r  reg on coa l samp l es (who l e-coa l bas i s ) Fo r compa r i son average sha l e  va l ues a re l i s ted (Turek i an 
and Wedepoh l ,  1 96 1 )  

• 

(As , F .  Hg , S b ,  S e ,  Th , and U va l ues used to ca l cu l ate  the stat i s t i cs were determ i ned d i rect l y  on who l e-coa l .  
A l l o

)
ther va l ues used were ca l cu l at ed f rom determ i na t i ons made on coa l a s h .  L means l ess  than the va l ue 

shown 

Geometric 
Ar ithmetic 

Observed 
mean 

mean range 
( expected Geometric Average 

Element (abundance)  Minimum Maximum value ) d eviat ion shale 

Si % 1 . 5  1 . 6  2 5  1 . 2 2 . 1  7 . 3  
Al % . 78 1 . 4 11  . 66 1 . 8  8 . 0  
Ca % 1 . 1  . 086 7 . 8  . 98 1 . 6  2 . 2 1 

Mg % . 20 7  . 01 3  . 758 . 19 5  1 . 4  1 . 55 
Na % . 106 . 001 . 49 1  . 06 3  2 . 8  . 9 6 

K % . 048 . 00lL 1 . 2  . 022 3 . 5 2 . 66 

Fe % . 5 4 . 051 14 . 37 2 . 4  4 . 7 2 

MIl ppm 5 1  1 0  44 3 34 2 . 5  850 

Ti % . 04 1  . 004 . 12 . 0 35 1 . 7  . 4 6 

As ppm 3 1 L 4 5  2 2 . 4  1 3  

Cd ppm . 09 . 1  L 2 . 7 . 04 2 . 8  . 3  

Cu ppm 1 1 .  2 2 . 4  7 6  9 . 5  1 . 8  4 5  

F ppm 49 20 L 340 40 1 . 9  7 4 0  
Hg ppm . 1 1 . 01 3 . 8  . 08 2 . 1  . 4  
Li ppm 5 . 9  . 4  32 3 . 9  2 . 5  6 6  
Pb ppm 6 . 4  1 . 2  L 7 6  5 . 1  1 . 9  20 
Sb ppm . 6  . 1  L 4 3  . 4  2 . 6  1 . 5  
Se ppm 1 . 0  . 1  L 1 3  . 7  2 . 5  . 6  
Th ppm 4 . 3  2 L 28 . 2  3 . 3 2 . 1  1 2  
U ppm . 9  . 1  L 7 . 5  . 6  2 . 6  3 . 7  
Zn ppm 20 1 . 5 218  1 2 . 5  2 . 7 9 5  
B ppm 70 15 150 50 1 . 6  100 
Ba ppm 300 10 2 , 000 300 2 . 1 580 
Be ppm . 7  . 1  L J . 5  2 . 3 3 
Co ppm 2 . 3  L 20 2 2 . 1  1 9  
Cr ppm 7 . 7  100 5 2 . 2  9 0  
Ga ppm 3 . 5  20 2 1 . 9  1 9  
Mo ppm 2 . 3  L 70 1 . 5  2 . 4  2 . 6  
Nb ppm 1 . 5  . 7  L 30 1 3 . 1  1 1  

N i  ppm 5 . 5  L 300 3 2 . 6  68 

SC ppm 2 . 5  L 20 1 . 5 1 . 8  1 3  

Sr ppm 200 15 700 150 2 . 2  300 

V ppm 15 1 . 5  150 10 2 . 0  l 30 

Y ppm 5 . 7  L 30 3 2 . 0  2 6  
. 5  . 07 L 3 . 3  2 . 0  2 . 6  Yb ppm 

Zr ppm 15 3 150 15 1 . 7  160 
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Tab l e  7a : Ar i t hmet i c  mean , observed range , geomet r i c  mean ,  and geomet r i c  dev i a t i on of 1 5  major  and m i nor  ox i des 
and t race e l ement s  I n  the ash of 79 San Juan R i ver reg i on coa l samp l es .  

(A l l samp l es were a s hed a t  5250C ;  L after a va l ue means  l es s  than the va l ue shown ) 

Arithmetic 
Observed 

Geometric 
Oxide or mean 

range 
mean 

element (abundance) Minimum Maximum (expected value) 

Ash % 2 1 . 1 5 . 1  60 19 . 4  

S 10
2 

% 54 36 79 5 3  

A1
2

0
3 

% 24 14 31 24 

CaO % 4 . 9  . 85 19 3 . 9  

MgO % . 88 . 50 1 .  94 . 84 

Na
2

0 % 1 .  56 . 26 2 . 8 5 1 . 40 

K
2

0 % . 61 . 11 1 . 6  . 54 

Fe
2

0
3 

% 3 . 8  1 . 3 13 3 . 5  

MnO % . 022 . 005 . 049 . 017 

Ti0
2 

% 1 . 0 . 49 1 . 4  . 95 

S0
3 

% 3 .  7 1 . 3 14 3 . 2 

Cd ppm . 9  . 5  L 1 . 0 . 8  

Cu ppm 66 34 210 64 

Li ppm 97 38 198 91 

Pb ppm 66 25 110 6 3  

Zn ppm 68 22 1 , 820 5 7  

Geometric 
deviation 

1 . 5  

1 . 1  

1 . 2  

2 . 0  

1 . 3 

1 . 6  

1 . 6  

1 . 5  

1 . 9  

1 . 4  

1 . 7 

1 . 4  

1 . 3 

1 . 4  

1 . 4  

1 . 8  
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Tab l e  7b :  A r i t hmet i c  mean b R i ve r  reg i on co I ' 1
0 served range , . geomet r l c  mea n ,  and geome t r i c  dev i a t i on of 36 e l emen t s  i n  79 San J ua n  

Wedepoh l ,  1 96 1 )
a samp es (who l e-coa l bas i s ) .  For compa r i son average s ha l e  va l ues a re l i s ted (Tu re k l an and 

(As , F ,  Hg , S b ,  Se ,  Th  and U v I d A l l other va l u  s ' d 
a ues use to ca l cu l ate the stat i s t i c s  we re determ i ned d i rect l y  on who l e-coa l .  

shown ) 
e use  were ca l cu l a ted f rom determ i nat i on s  made on coa l ash .  L means l e s s  t han  t he va l ue 

Geometric 
Arithmet ic 

Observed mean 
mean range 

(expected Geometric Average 
Element ( abundance) Minimum Maximum value) deviation shale 

Si % 5 . 4  . 86 22 4 . 8  1 . 6  7 . 3  
Al % 2 . 7 . 45 6 . 0  2 . 4  1 . 6 8 . 0  
Ca % . 6 7 . 10 3 . 7 . 54 2 . 0  2 . 2 1 
Mg % . 10 7  . 04 7  . 432 . 09 9  1 . 5  1 . 55 
Na % . 2 36 . 032 . 762 . 203 1 . 7 . 9 6 
K % . 16 . 012 . 79 . 088 2 . 1 2 . 66 
Fe % . 54 . 17 1 . 6 . 48 1 . 6  4 . 72 
Mn ppm 29 7 . 2  8 3  2 3  2 . 0  850 
Ti % . 11 . 042 . 19 . 09 7  1 . 5 . 46 
As ppm 3 1 . 0 L 40 2 2 . 5  1 3  
Cd ppm . 2L . 05 L . 4  . 2L 1 . 6 . 3  
Cu ppm 1 3 . 3 4 . 4 49 . 0  12 . 4  1 . 5  4 5  
F ppm 122 20 L 500 92 2 . 1  7 4 0  
Hg ppm . 12 . 02 1 . 20 . 08 2 . 3 . 4  
Li ppm 19 . 7  4 . 3 3 2 . 7  1 7 . 7  1 . 6  6 6  
Pb ppm 1 3 . 1 1 . 5 22  1 1 .  7 1 . 6 20 
Sb ppm . 5  . 1  1 . 8  . 4  1 . 8  1 . 5 
Se ppm 2 . 0  1 . 1 4 . 0  1 . 9 1 . 3 . 6  
Th ppm 5 . 9  3 . 0  L 1 7 . 1  4 . 3  2 . 2 12 
U ppm 2 . 5 . 4  8 . 2  2 . 2  1 . 6 3 . 7 
Zn ppm 1 5 . 1 1 . 8  380 1 1 . 1 2 . 2 9 5  
B ppm 100 30 150 100 1 . 4 100 
Ba ppm 300 7 0  1 , 500 300 1 . 9  580 
Be ppm 1 . 3  3 1 1 . 6 3 
Co ppm 2 . 7  L 7 2 1 . 6  19 
Cr ppm 5 2 15 5 1 . 5 9 0  
Ga ppm 7 1 . 5 15 7 1 . 6 1 9  
Mo ppm 1 . 5 . 7  L 7 1 2 . 3 2 . 6  
Nb ppm 3 1 L 10 2 1 . 7  11 
Ni ppm 3 1 10 2 2 . 0  6 8  
S c  ppm 3 1 10 3 1 . 5 1 3  
S r  ppm 100 30 300 100 1 . 6  300 
V ppm 20 7 100 20 1 . 5 1 30 
Y ppm 7 3 15 7 1 . 5  2 6  
Yb ppm . 7  . 15 2 . 7  1 . 5 2 . 6  

50 10 100 50 1 . 6 160 Zr ppm 
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Tab l e  8a : A r i t hmet i c  mean , observed range , geomet r i c  mea n ,  and geomet r i c  dev i at i on of 1 5  maj o r  and m i no r  ox i des 
and  t race e l ements  i n  the ash  of 26 B l ask  Mesa f i e l d  coa l samp l es 

(A l l  samp l es were ashed a t  5250C ; L a fter a va l ue means l es s  than the va l ue s hown ) 

Arithmetic 
Observed 

Geometric 
Oxide or mean 

range mean 
element (abundance) Minimum Maximum ( expec t ed value 

Ash % 8 . 0  3 . 2 1 3 . 6  7 . 4  

8 i0
2 

% 38 19 59 36 

A1
2

0
3 

% 15 5 . 9  2 8  1 5  

CaO % 15 3 . 4  2 7  1 3  

MgO % 2 . 42 . 75 6 . 11 2 . 20 

Na
2

0 % 1 . 9  . 39 4 . 79 1 . 45 

K
2

0 % . 49 . 1  L 1 . 3  . 38 

Fe
2

0 % 6 . 1  2 . 1  10 6 . 2  

MnO % . 018 . 008 . 035 . 016 

T i0
2 

% 1 . 0  . 78 1 . 3  . 9 8  

8°
3 

% 13 6 . 0  2 3  1 2  

C d  ppm 1 L 1 L 2 . 0  1 L 

Cu ppm 70 54 1 2 7  6 9  

L i  ppm 4 7  20 89 44 

Pb ppm 31 20 L 7 5  2 9  

Zn ppm 67  20 2 7 5  5 4  

Geometric 
deviat ion 

1 . 5  

1 . 4  

1 . 4  

1 . 7 

1 . 5  

2 . 1  

2 . 1  

1 . 3 

1 . 5  

1 . 2  

1 . 4  

3 . 0  

1 . 2 

1 . 4  

1 . 5  

1 . 9  
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Tab l e 8b : A r i thmet i c  mean obser d 6 . 2 6  B I  k ' ve range ,  geomet r i c  mean , and geomet r i c  dev i at i on of 3 e l emen t s  I n  ac Mesa coa l samp l es (who l e-coa l  bas i s )  For compa r i son average s ha l e  va l ues  are  l i s ted (Turek i a n  and  Wedepoh I ,  1 96 1 ) • 

(As , � i I
H9 '

h
Sb . S� . Th , and U va l ues u sed to ca l cul ate the s ta t i st i c s  We re determ i ned d i rect l y  on who l e-coa l . o

)
t er va ues used were ca l cu ,l a ted f rom determ i nat i on s  made on coa l a s h .  L mea n s  l es s  than t he va l ue shown 

Geometric 
Arithmet i c  mean 

mean Obs erved range 
(expect ed Geometric Average 

Element ( abundance )  Minimum Maximum value )  deviation shale 

Si % 1 . 6 0 . 2 8  3 . 3 1 . 2  2 . 0  7 . 3  
Al % . 69 . 2 1 1 . 8 . 5 7 1 . 8 8 . 0  
Ca % . 78 . 28 1 . 3  . 70 1 . 6  2 . 2 1 
Mg % . 104 . 046 . 2 45 . 09 8  1 . 4  1 .  5 5  
Na % . 09 3  . 02 5  . 166 . 07 9  1 . 8  . 96 
K % . 03 7  . 004 . 13 . 02 4  2 . 5  2 . 6 6 
Fe % . 31 . 18 . 53 . 31 1 . 2  4 . 7 2 
MIl ppm 9 . 7 4 . 9 16 9 . 0 1 . 5  8 5 0  
T i  % . 04 6  . 021 . 07 8  . 04 2  1 . 5  . 4 6 
As ppm 2 1 L 10 1 1 . 9 1 3  
Cd ppm . 1  L . 03 L . 2 3 1 L 1 . 4 . 3  
Cu ppm 5 . 5  2 . 3  1 1 . 7 5 . 1  1 . 5  4 5  
F ppm 5 1  20 L 100 4 1  1 . 9  7 4 0  
H g  ppm . 04 . 02 . 08 . 03 1 . 6  . 4  
Li ppm 3 . 9 1 . 2 1 0 . 5 3 . 2  1 . 8 6 6  
Pb ppm 2 . 7 1 . 0  5 . 6  2 . 4  1 . 7 2 0  
Sb ppm . 3  . 1  . 6  . 2  1 . 7  1 . 5  
Se ppm 1 . 6  . 7  3 . 1  1 . 5  1 . 4  . 6  
Th ppm 2 . 2  2 . 1  4 . 6  2 . 0  1 . 6  1 2  
U ppm . 6  . 2  L 1 . 1 . 4  2 . 7  3 . 7  
Zn ppm 5 . 6  1 . 1  32 . 5  4 . 0  2 . 3  9 5  
B ppm 20 1 5  7 0  2 0  1 . 6 100 
Ba ppm 300 150 500 300 1 . 5  5 8 0  
B e  ppm . 5  . 15 1:. 1 . 5 . 3  2 . 5 3 
Co ppm 1 . 5 . 5  7 1 1 . 9  1 9  
C r  ppm 3 1 10 3 1 . 7  9 0  
Ga ppm 2 . 7  7 2 1 . 8  1 9  
Mo ppm 1 . 3  L 2 . 7  1 . 8 2 . 6 Nb ppm 1 . 5  . 7  3 1 2 . 0  1 1  
N i  ppm 2 . 7  10 2 1 . 9  6 8  
S c  ppm 1 . 5 . 5  2 1 1 . 5  1 3  
S r  ppm 150 30 500 100 1 . 9 300 
V ppm 7 3 20 7 1 . 6 1 30 
Y ppm 3 1 10 3 1 . 8 26 
Yb ppm . 3  . 1  1 . 3  1 . 7 2 . 6  
Zr ppm 15 3 7 0  1 5  1 . 9  160 

1 6 1  



162 J .  R .  HATCH AND V .  E .  SWANSON 

more i mpor tant  i n  he l p i ng to ma ke the dec i s i ons as to 
wh i ch coa l s  w i l l  be m i ned , how a coa l w i l l  bes t be 
u t i l i zed , and wha t  eng i neer i ng des i gn s  w i l l  have to 
be i nc l u ded i n  coa l - f i red power p l an t s  and i n  coa l 
conve rs i on p l an t s .  
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ABSTRACT : The g eo l og i s t  i s  usua l l y the f i rs t  techn i ca l  person to i ns pect a coa l prope r ty for managemen t ;  
the refo re , the  geo l og i s t ' s  ro l e  i n  th i s  i n i t i a l  s tage of m i n i ng cannot be ove remphas i zed . The geo l og i s t 
mu st be p repa red to p l an and  execute  a d r i  l l i ng ,  samp l i ng ,  and mapp i ng p rog ram , and  to determ i ne rese rves 
and cond i t i on s  that  affect the v i ab i l i ty of a m i n i ng p roj ect . I n  the cons t ruc t i on and opera t i ona l phase , 
the geo l og i s t  w i l l  be res pons i b l e  for mon i to r i ng prev i ous conc l us i ons  and  mak i ng cha nges to the benef i t  of  
the opera t i on .  

The geo l og i s t mus t  l end h i mse l f to p rov i d i ng expe r t i se i n  m i ne p l ann i ng ,  deve l opmen t ,  add i t i on a l  
acqu i s i t i on s ,  a n d  other  s tages of  ope rat i on s  tha t a re necessary  t o  a p roj ec t . 

I NTRODUCT I ON 

The geo l og i s t i s  u s ua l l y  the f i rs t  techn i ca l  
person to exam i ne a coa l acqu i s i t i on  p rospect . Often  
i t  i s  h i s  dec i s i on whether  o r  not  add i t i on a l  funds  
are comm i tted to the p rospect  or tha t i t  be d ropped . 
To make sound dec i s i ons , the  geo l og i s t s hou l d  be 
fam i l i ar  w i th coa l m i n i ng met hods , opera t i ons , and  
econom i cs , as we l l  as  be i ng accomp l i s hed techn i ca l l y .  
Al so ,  for bet te r  u t i l i za t i on o f  pe rsonne l and  to a s s u re 
success of an ope ra t i on ,  the geo l og i s t  a nd/or manager 
shou l d  be awa re of the a s s i gnments  i n  wh i ch a geo l o
g i s t can be used . Th i s  pape r w i l l  h i gh l  i gh t  a reas of 
u t i l i zat i on of the geo l og i s t  f rom i n i t i a l  p rospect to 
f i na l rec l ama t ion . 

EXPLORAT I ON 

To dete rm i ne i f  a p rope r ty i s  s u i ta b l e  for 
the obj ect i ves of ma nagemen t ,  an  exp l o ra t i on p rog ram 
fi rs t mus t  be i n i t i a ted . The fo l l ow i ng sect i on w i l l  
d ea l  w i th the t rad i t i ona l ro l e  of the geo l og i s t  i n  
a coa l exp l o ra t i on p rog ram . 

P l ann i ng a D r i l l i ng and Samp l i ng P rog ram 

Proper p l ann i ng of a d r i l l  i ng a nd samp l i ng 
prog ram w i  1 1  ens u re co l l ect i on of t he neces sary  
i nforma t i on at  the  l owes t  pos s i b l e  cos t .  Maj o r  e l e
ments of t h i s  p l ann i ng are  a s  fo l l ows : 

1 .  Literature search. The f i r s t  s tep i n  
p l ann i ng a d r i  1 1  i ng p rogram i s  to do a thorough I i ter
atu re search . Federa l agenc i es shou l d  be  checked . 
Contact the U . S .  Geo l og i ca l  S u rvey for open- f i l e 
repo rts , maps , p u b l i she� repo r ts , a nd pos s i b l e  d r i l l 
ho l e  da ta . Check w i t h the U . S .  Bu rea u  of M i nes for 
coa l ana l yses , open- f i l e repo r ts , and  p ub l i ca t i ons . 
The U . S .  Bu reau of Rec l ama t i on may be p l ann i ng a dam 
and th i s  p rope r ty cou l d  be under  1 00 f t  of wa te r

. 
i n  

severa l yea r s . I n  add i t i on �o �a ta a � rE�ady men t i oned ,  
a i r  photos , wea ther  data , se i sm i C  act i v i ty ,  and other  
usefu l i nforma t i on i s  ava i l a b l e  f rom seve r a l  fede ra l  
sources . 

S ta t e  agenc i es s hou l d  be chec ked . The S tate 
Y have i mpor t a n t  i nforma t i on on geo l og i ca l  s u rvey ma 

1976 Symposium �n the Geology 
of Rocky Mounta�n Coal, p. 1 65- 1 6 7  1 6 5  

l Now w i t h  Ca r bon Fue l Compa ny , La kewood , C o l o rado 80228 . 

f i l e .  I nves t i gate  m i ne maps on f i l e  a t  the  S tate  
m i ne i ns pector ' s  off i ce .  The  a rea of  i n te re s t  cou l d  
have been m i ned out  o r  d r i l l - ho l e  i nforma t i on supp l i ed 
by an outs i de sou rce may i nd i cate  t h a t  d r i l l i ng 
occ u r red i n  p i l l a rs  of o l d  coa l wor k i nqs . 

P r i va te sou rces s hou l d  be i nves t i ga t ed . F i rms 
such as Pet ro l eum I nforma t i on or Ame r i ca n  S t ra t i 
g raph i c  Company , both i n  Denve r ,  often  have d a ta 
(Samp l es , geophys i ca l  l og s , we l l  comp l e t i on ca rds , 
e tc . )  of o i l and  gas  we l l s d r i l l ed i n  the  a rea tha t 
w i l l  g i ve the geo l og i s t a n  i dea of forma t i o n  1 i t ho l ogy 
and tops . Exam i n i ng reco rds of p rev i ou s  d r i l l  i ng a nd 
repo r t s  by p r i va te p a r t i es i s  essent i a l . 

2 .  Fie ld inspection. A f i e l d  i ns pec t i on i s  
neces s a ry for a p rope r l y  p 1 3 n ned d r i  1 1  i ng p rog ram . 
Geo l og i c  cond i t i ons , such  a s  coa l bed and  ma r ke r  bed 
outc rops , s hou l d  be i nves t i ga ted . Ev i dence of 
fau l t i ng i s  a nother  i mporta n t  i tem to l ook fo r .  
Determ i ne t he s t r i ke and  d i p  o f  key beds t o  he l p  
i n  p l ann i ng the depths  of the d r i l l  ho l es . When l a rge 
a reas are i nacces s i b l e ,  an  aer i a l  over- f l i gh t  i s  mos t 
usefu I • 

An i mporta n t  cons i de ra t i on o f  a n  i n i t i a l  f i e l d  
i nspect i on i s  t o  determ i ne the amount  of s u r face 
deve l opment . Are there s u r face s t ructu res that  wou l d  
p rec l ude cav i ng of the s t ra ta a bove the coa l ?  W i l l  
aqu i fe rs s u pp l y i ng mun i c i pa l ,  comme rc i a l , o r  domes t i c  
wa ter be affected adverse l y  by m i n i ng ?  Such  cons i der
a t i on s  mus t be taken i n to account  a t  t he ea r l y  phases  
of  a p roject to p reven t cos t l y  a nd often emba rrass i ng 
l aw su i ts .  

3 .  Dri lling and sampling . The two ma i n  ob
j ect i ves of a d r i l l  i ng prog ram a re to obta i n  coa l seam 
th i ckness and qua l i ty i nforma t i on .  I s  the coa l of  
s team ( bo i l er )  o r  meta l l u rg i ca l  qua l  i ty ?  The a nswer 
to t h i s  ques t i on determ i nes the number of core ho l es 
to be d r i l l ed and types of ana l yses to be performed . 
Fo r s team coa l , p rox i ma te a na l ys i s  and a s h - fu s i on tests  
need to  be run . Some t i mes  u l t i mate a na l yses a l so a re 
run . For meta l l u rg i ca l  coa l , p rox i ma te a na l ys i s  a nd 
f ree-swe l l i ng i ndex ( F . S .  I . ) a re u s ua l l y  run  w i th 
other  ava i l a b l e  tes t s . 

�he use  of geophys i ca l  l ogs a re i nva l uab l e  i n  
dete rm i n i ng seam th i cknes s .  A l so ,  i nforma t i on a s  to 
forma t i on l i tho l ogy , poros i ty ,  and coa l q ua l i ty can 
be der i ved f rom these l og s , thereby reduc i ng the number 
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of core ho l es . 
The n umbe r of core and rota ry ho l es to be . 

d r i l l ed and the i r  approx i ma te depths shou l d  be determ i ned' 
for b i d d i ng pu rposes . At t i mes when severa l coa l seams 
a re nea r the su rface and c l ose together ,  i t  m i gh t  be 
more econom i ca l  to do s t ra i gh t  cor i ng .  At other  t i mes , 
i t  pays to rota ry d r i l l  the hol e ,  ascerta i n  the l oca t i on 
of coa l seams to be cored , off-set the rota ry ho l e ,  
a nd then rota ry d r i l l  to a po i nt i mmed i a te l y  a bove the 
coa l zone , and f i na l l y ,  con t i nuous l y  core the coa l , 
i nc l ud i ng a por t i on of the roof and f l oo r  roc k .  

Depend i ng upon coa l -seam con t i nu i ty ,  d r i l l  s i tes 
s hou l d  be p l anned w i th approx i ma te l y  4 , 000- f t  cen ters . 
I f  the  seams appe a r  to be l en t i cu l a r ,  a c l oser  s pac i ng 
of d r i l l  s i tes shou l d  be cons i dered . 

Po i nts  of p roj ect rev i ew shou l d  be p l anned i n  
the  d r i l l i ng p rog ram . Say , 50 ho l es are p l a nned on 
a regu l a r  spac i ng to cover a p roperty on wh i ch 1 i t t l e  
o r  no d r i l l i ng has been done . The f i r s t  comm i tment  
s hou l d  be  made to d r i l l  f rom 6 to  1 0  hol es and to  
eva l uate the resu l ts of these ho l es . I f  the resu l ts 
a re favora b l e ,  d r i l l  another 1 0  to 1 4  ho l es .  After 
res u l ts a re unfavorab l e ,  abandon the p roj ect . After 
the second phase of d r i l l i ng ,  go t h rough the eva l u
a t i on aga i n  for a s i m i l a r  "go/no go" dec i s i on .  When 
a l l  t he ho l es have been d r i l l ed ,  determ i ne i f  add i 
t i ona l f i l l - i n ho l es a re needed . These dec i s i on po i nt s  
shou l d  b e  bu i l t  i n to t h e  d r i l l i ng p rog ram before any 
d r i l l i ng occu rs . 

Loca t i ng Cont ractors 

Suff i c i ent  t i me s hou l d  be a l l owed to rece i ve 
b i d s  f rom the maj o r  prog ram cont ractors . By Apr i l ,  
many d r i l l i n g  con t ractors a re booked for the summer 
d r i l l i ng season . The geo l og i st shou l d  be awa re of 
these t i me cons t ra i nts and remember that a rushed j ob 
often resu l ts i n  add i t i ona l cos t s  and/or second-bes t 
cont ractors . 

Obta i n i ng Perm i t s  

Depend i ng upon the owners h i p  o f  s u r face and 
coa l r i gh t s ,  Fede ra l ,  State ,  o r  p r i vate perm i ss i on 
for access may have to be obta i ned . The geo l og i s t 
may have to p repare perm i t app l i ca t i ons f rom e i ther  
the U . S .  Geo l og i ca l  Su rvey o r  the s tate  in  ques t i on .  
The i nforma t i on deve l oped i n  the p l ann i ng s tage of 
the d r i l l i ng p rog ram w i l l  i nc l ude much of the data 
req u i red . A geo l og i c  backg round i s  very i mportant  to 
the p roper comp l e t i on of these app l i ca t i ons . 

Execut i ng the D r i l l i ng and Samp l i ng P rog ram 

After the d r i l l i ng and samp l i ng p rogram i s  
p l a nned , funded , and pe rm i t ted , and the necessary  
con t ractors a rranged for ,  the p rog ram mus t  be s ta r ted . 

1 .  Road location and construction. The 
geo l og i s t w i l l  l ocate roa d s ,  keep i ng i n  m i nd access 
v i a  these roads , cos t  of cons t ruct i o n ,  and m i n i m i za t i on 
of env i ronmen ta l damage . S upe rv i s i on of the cons t ruct i on 
and a p p rova l of b i l l s for t h i s  wo rk i s  an i mportant 
ro l e  of  t he geo l og i s t .  

2 .  Site location and preparation. Usua l l y  
the geo l og i s t  can l oca te d r i l l  s i tes f rom a topo-

g raph i c  map . A l evel  s i te s hou l d  be p repa red for the 
d r i l l  r i g ;  and an a rea l a rge enough for t he d r i l l  r i g ,  
wa ter  t ruck , and serv i ce veh i c l es shou l d  be c l ea red . 
Mud p i t s of suff i c i en t  capac i ty mus t be dug . The 
geo l og i s t shou l d  ens u re that  a ny top s o i l a nd vegetat i v  
cover i s  s tockp i l ed f o r  even tua l s i te rec l ama t i on . 
Upon comp l et i on of the d r i l l i ng p rog ram, the d r i l l  ho l e  
s hou l d  be p rope r l y  p l ugged a nd the s i tes su rveyed i n  
and rec l a i med . 

3 .  Supervision of the drilling and sampling. 
Superv i s i on of the d r i l l i ng and samp l i ng i s  t he p r i 
ma ry ro l e  of the geo l og i s t i n  the  f i e l d . He i s  requ i rel 
to see that  con t ractors perform t he i r dut i es p roper l y .  
A l so,  the geo l og i s t  must des c r i be the cutt i ngs  and 
core samp l es w i t h  par t i cu l a r  a t tent i on to the roof 
and f l oo r  rock and the coa l .  

When the coa l samp l e  i s  co l l ected , the geo l og i s t 
mus t  see that  the samp l e  i s  rep resen tat i ve of the seam 
to be m i ned . A know l edge of m i n i ng techn i ques w i l l  
a i d  i n  t h i s  j o b .  

4 .  AdditionaZ sampZing. A l t hough samp l i ng of 
the coa l seam and enc l os i ng s t ra ta i s  the mos t  i mpor
tant j ob of the geo l og i s t  d u r i ng the d r i l l i ng ' phase of 
p roperty deve l opment ,  he mus t  be awa re of other aspects 
of the overa l l  opera t i on so that i nforma t i on can be 
ga thered du r i ng t h i s  i n i t i a l  phase , ra ther than l ater 
on at add i t i ona l cos t .  Some examp l es a re the co l l ect i ol 
of samp l es for overbu rden remova l i n  s u r face opera t i ons 
and eventua l rec l ama t i on .  Samp l es of t h i s  nat u re can b, 
tes ted for rock s t rength to i dent i fy pa rame ters for 
e i ther  d r i l l i ng and b l a s t i ng or r i pp i ng .  A l so ,  know l 
edge o f  the chem i ca l  cha racte r i s t i cs o f  the ove rbu rden 
i s  essent i a l  i n  o rder to p revent l eac� i ng of tox i c  
ma ter i a l s  and eventua l con tam i na t i on o f  the wate r re
sou rces . 

Du r i ng t h i s phase of the ope ra t i on ,  samp l i ng 
and tes t i ng of wa ter quan t i ty and qua l  i ty can be per
formed by the geo l og i s t .  Necessary water  i nforma t i on 
can be gathered to a i d  i n  p l ann i ng coa l was h i ng p l ants 
and for other i ndust r i a l  uses , for ba t h  and domes t i c
type m i ne fac i l i t i es ,  for rec l ama t i on purposes , and for 
pub l i c  re l a t i ons , such as l eav i ng � ho l e  open for a 
rancher  to obta i n  wa ter for h i s  ca t t l e .  

Comp i l i ng D r i l l i ng Resu l ts 

As the data a re co l l ec ted and sent  i n  f rom the 
f i e l d , they mus t  be d i ges ted and put i n  usab l e  form 
for p l ann i ng pu rposes . Th i s  comp i l a t i on i s  another 
key ro l e  of  the geo l og i s t .  Necessa ry i tems a re d i s
cussed be l ow .  

1 .  Isopach maps . To a i d  i n  m i ne p l ann i ng ,  
t he geo l og i s t s hou l d  prepa re i sopach maps of coa l 
th i ckness .  These maps w i l l  g i ve the p l anner the 
necessary i nforma t i on for p repa r i ng p roduct i on and 
mach i ne ry est i ma tes . 

I sopachs of hea t ( B t u )  content ,  a s h ,  and 
s u l fu r  con tent of the coa l s hou l d  be p repa red in orde r !  
tha t t h e  marke t i ng peop l e  w i l l  know t h e  qua l i ty o f  the 
p roduct and the p rod uc t i on pe r sonne l w i l l  know wha t 
b l ends to make . 

Another necessary map i n  s u r face m i n i ng i s  a 
s t r i pp i ng- ra t i o  con tou r .  Th i s  map w i l l  determ i ne the 
econom i c  cu t-off for the opera t i on . 

2 . GeoZogic maps. Maps of a geo l og i c  nature 
a re the key to p l ann i ng an eff i c i en t  coa l m i n i ng oper-
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at i on . These maps s hou l d  i nc l ude s t ructure contou rs , the l oca � i ons  of maj o r  and  m i nor fau l t s , and roc k  types .  
I n  add i t i on ,  ma ps shou l d  be p repa red d i sp l ay i ng s uch prob � ems as  h i gh j o i n t  f requency , coa l seam s p l i ts ,  ex
ces s i ve wa te r ,  and poor roof and f l oo r  cond i t i ons . The 
ava i l ab i l i ty of  t hese  data p rov i des p l ann i ng personne l  
wi t h  the  i nforma t i on neces s a ry to make any adj u s tmen t 
i n  the m i n i ng p l a n .  

3 .  Other maps . The geo l og i s t  shou l d  supe r v i se 
the mapp i ng ,  u s ua l l y by a i r ,  of the p rope r ty . When 
obta i n i ng topo g raph i c  cove rage , the l oca t i ons  of 
p i pe l i nes , t ransm i s s i on I i nes , sec t i on corners , d r i l l  
ho l es ,  s u rvey-cont ro l  po i nt s , and  the I i ke s hou l d  be 
i nc l uded . The s ca l e  of the  map depen ds upon the use  
of  the map ;  the refore , maps w i th severa l sca l es shou l d  
be made .  

DEVELOPMENT 

The ro l e  of  the geo l og i s t i n  th i s  s tage of a 
m i n i ng operat i on i s  not so i n tens i ve as i n  the ex
p l o rat ion  s tage , b u t  h i s  ro l e  neve r t he l ess  s t i I I  i s  
vi ta I .  

Add i t i ona l D r i l l  i ng and  Samp l i ng 

D r i l l  i ng on c l os e r  spac i ng s hou l d  be conducted 
by the geo l og i s t  at t h i s  t i me .  Loca t i on of  coa l out
crop burns and a ny abno rma l i t i es not i nd i ca ted i n  the 
exp l ora t i on s tage s hou l d  be samp l ed and  repo r ted . 
D r i l l i ng and samp l i ng i n  the a reas of the f i rs t  cu t s  
for surface m i nes a nd ent ry a n d  ma i n  hau l ag e  ways i n  
underg round m i nes s hou l d  be done by the geo l og i s t ,  and  
necessary maps and  repo r t s  made.  

I nc l uded i n  t h i s  d r i l l i ng and  samp l i ng phase 
shou l d  be  a p rog ram of tes t i ng for bu i l d i ng founda t i ons , 
san i tary was te d i sposa l , d rag l i ne erect i o n  pad s , a nd 
other su rface s t ruc t u res . A l so ,  d r i l l i ng and samp l i ng 
of poss i b l e  road-ba se and bu i l d i ng ma ter i a l s  s hou l d  
be done a t  th i s  t i me .  

I t  may be necessa ry for t he geo l og i st t o  per
form add i t i ona l ove rbu rden tes t i ng .  Th i s  i s  an  i mpor
tant stage i n  wh i ch to a nswer q ues t i ons  tha t a rose 
after the c l ose of t he exp l orat i on p has e .  

Other I nforma t i on Gathe r i ng 

Geo l og i c  i nves t i ga t i ons  of neces sary m i n i ng 
fac i l i t i es s hou l d  be unde rtake n .  P l an n i ng of was te 
enbankments  and  wa t e r  s torage fac i l i t i es to m i n i m i ze 
cos t env i ronmen ta l damage , a nd th reat  to human l i fe 
and ; roperty i s  the  respons i b i l i �y of the geo l og i s t .  
Th i s  p l ann i ng m i g h t  i nc l ud e  gaug i ng of s t ream f l ow ,  
determ i n i ng wa t e r  s hed a reas , an t i c i pa t i ng f l ood 
frequenc i es , re l oca t i ng s t r:a� :hanne l s ,  and othe r  
pert i nent  hyd rogeo l og i c  a c t i v i t i es .  . 

Determ i n i ng the  expected wa t:r I nf l ow t� the 
. b done by the geo l og i s t .  Qua n t i ty of m i ne a rea can e . 

wate r s hou l d  be est i ma ted for the orde r i ng 0: pumps 

and coa l remova l equ i pmen t i n  s u rface opera � l ons . 
. I I  the geo l og i s t s hou l d  be ava i l ab l e F l na y ,  d ' t h  

f 
. t s of s u rvey i ng .  Depen I ng upon e o r  certa  I n  y pe . d t ' b i nd i v i du a l  opera t i on ,  h i s  s u rvey i ng u l es may e 

m i n i ma l  o r  extens i ve .  

P RO DUCT I ON 

The geo l og i s t can make a s i g n i f i ca n t  con t r i bu t i on 
to the p roduc t i on phase of an operat i on .  Severa l i mpor
tant aspects w i l l  be d i scus sed . 

D r i l l i ng a nd Samp l i ng 

Th i s  ac t i v i ty s t i l l  i s  an i mportant  respons i 
b i l i ty of t he geo l og i s t .  D r i l l i ng and  s amp l i ng on  
c l oser  spac i ng shou l d  be comp l eted to a bo u t  one yea r ' s  
produc t i on rese rve ahead of  m i n i ng .  Th i s  l ead t i me i s  
to a l l ow for p l ann i ng and  purcha s i ng of  a dd i t i on a l  
equ i pmen t .  

Roc k Mechan i cs 

The geo l og i s t  can a s s i s t i n  the prod uc t i on 
func t i on by mon i to r i ng s l ope s t ab i l i ty and  g round 
subs i dence wh i ch depend s  u pon  the type of  m i n i ng 
opera t i on .  Dete rm i n i ng the  safe a ng l e  o f  repose of 
a h i gh wa l l  w i l l  save money and  w i l l  con t r i bute  to 
the safety of the opera t i on .  Accu rate reco rds and  
mea s u rements  of g round movemen t  m i gh t  be requ i red 
s hou l d  t he m i n i ng opera t i o n  eve r be i nvo l ved i n  a l aw 
s u i t  o r  s i m i l a r  l ega l a c t i on .  

Mon i to r i ng o f  M i n i ng Cond i t i ons  

Mon i to r i ng of m i n i ng cond i t i ons  to ver i fy p re
v i ous  con c l us i ons  by the geo l og i s t  i s  a no t he r ro l e 
whe re he w i l l  p rove usefu l . I f  a n  u nexpect ed fau l t  
i s  encountered , the geo l og i s t  shou l d  d e te rm i ne i ts 
l a tera l extent a nd amount  of d i s p l a ceme n t  a nd adv i se 
the bes t pos i t i on for resump t i on of m i n i ng .  A l so ,  
any p rev i ous  mapp i ng shou l d  b e  rev i ewed t o  see 
whether  add i t i ona l cor rec t i ons  to the m i n i ng p l an a r e  
needed . 

Land Acqu i s i t i on 

Lan d  acqu i s i t i on  for expa ns i on of the m i n i ng 
p rope r ty i s  an act i v i ty whe re the geo l og i s t can be of  
g rea t va l ue .  He can adv i se a s  to the  des i ra b i l i ty of 
the p rope r ty , can es t i ma t e  coa l rese rves , and can 
p repare a cq u i s i t i on p r i o r i t i es and  sequenc i ng .  

SUMMARY AND CONCLUS I ONS 

The geo l og i s t  s hou l d  be fam i l i a r  w i th coa l 
m i n i ng method s , opera t i ons , a nd econom i cs ,  bes i des 
be i ng techn i ca l l y p rof i c i en t .  Trad i t i ona l l y ,  the  
p r i ma ry funct i on of  the geo l og i s t  has been i n  
p l ann i ng and execu t i ng an  exp l o ra t i on  p rog ram and 
comp i l i ng res u l ts  of that  p rog ram . The geo l og i s t 
can a l so p l ay a s  v i ta l  a ro l e  i n  the deve l opment  
and  opera t i on of a m i n i ng p roject by  gathe r i ng and 
ana l yz i ng data neces s a ry for con s t ruct i on a nd 
m i n i ng act i v i t i es .  
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ABSTRAC T :  Th i s  pape r d i scus ses  a conf l i ct - - the  fac t that  ma ny e n v i ronmenta l i s s ues  a nd p rob l ems of m i n i ng a r e  
i nf l uenced b y  geo l ogy b u t  t h a t  t h e  eva l ua t i ons  a nd so l u t i ons be i ng put  forwa rd a re s e l dom obta i ned f rom t h e  
geo l og i s t .  An appea l i s  made t o  t he geo l og i s t t o  p l ay a mo re a c t i ve ro l e  i n  ques t i on s  of env i ronmen ta l p l a nn i ng 
and rec l ama t i on - - that  the  geo l og i s t no t a l l ow others  to u s u rp th i s  ro l e  by h i s  defau l t  caused by l ac k  of i n teres t .  

M i ne ra l  exp l o ra t i on has l ong  been recogn i zed as  a geo l og i s t ' s  ro l e .  A l ong w i th a pa r t i c u l a r  ca t egory 
of eng i nee r s , the  geo l og i s t has  a l so been fundamenta l to the ro l es of s i te i nves t i ga t i on ,  m i ne p l a n n i ng and de
s i gn , and the ext rac t i on of the  m i nera l . Today ' s  soc i e ty says  that t hese  a c t i v i t i es  mu s t  now be done i n  a n  
"env i ronmen t a l l y  accepta b l e" manne r .  �los t geo l og i s t s  accept t h i s .  Howeve r ,  the  geo l og i s t  s e l dom p l ays  a l ead  
ro l e  i n  s a t i s fy i ng th i s  new requ i reme n t .  A l though he i s  a pr i nc i pa l  profes s i ona l d u r i ng exp l o ra t i on a nd much  
of  m i n i ng ,  he has  gene ra l l y  l et o t h e r s  def i ne the  scope , p l a n and  i mp l eme n t  the s teps , and  comp l ete t h e  e n v i ron
menta l  aspects  of m i n i n g desp i te the fact tha t to a very g re a t  ex t e n t  the a c t u a l p rob l ems a nd mea n i ngfu l s o l u t i on s  
rema i n geo 1 o g  i c i n  na tu  re . Spec i f  i c recommendat  i ons  a re made to reve rse  t h  i s 1 09 i ve away" t rend so t h a t  t h e  
geo log i s t ' s  con t r i bu t i ons  t o  env i ronme n ta l p l a nn i ng a n d  rec l ama t i on can  r a n k  i n  s i m i  l a r  i mportance t o  h i s  con t r i 
bu t i ons to othe r a s pe c t s  o f  m i n i ng .  

I NTRODUCT I ON 

For centu r i es ,  modern  man has s a t i s f i ed h i s  
mater i a l  need s by the  g race of a gene rous a n d  for-
g i v i ng Na tu re- -Mother  Na t u re . M i ne ra l s ,  ene rgy , food , 
and wa t e r  have been so abundan t  t h a t  they have been used 
w i th l i t t l e  concern  for t he f u t u re , for  eff i c i ency , or  
for mu l t i p l e  bene f i t .  Mo re recen t l y ,  i nc reas i ng dema nds  
for ma te r i a l  goods ,  decreas i ng na tura l resou r ce ava i l a 
b i l i ty ,  a nd a popu l a t i on exp l os i on have comb i ned t o  force 
today ' s  gene ra t i on to v i ew N a t u re f roon a d i fferent  pe r
spect i ve .  

I be l i eve that  t h i s  bas i c  p rem i se i s  no l onger  
deba tab l e :  tha t each t h i nk i ng Ame r i ca n  mu s t  by now 
rea l i ze that  resou rces a re l i m i ted ; t h a t  cons e rva t i on 
mus t be empha s i zed ; t ha t  mu l t i p l e  use  mus t  be made of 
ou r ma te r i a l s ;  a n d  that  t h e  need s of f u t u re gene r a t i on s  
mus t b e  cons i de red . Howeve r ,  the  extent  of requ i red 
change i s  s t i l l  i l l  def i ned , and the me thod s for change 
rema i n  i n  hot deba t e .  Gu i de l  i nes a re b e i ng espoused , 
wr i t ten a n d  rewr i t ten  by every po l i t i c i a n  and  agency , 
by eve ry tech n i ca l  a n d  soc i a l  d i sc i p l  i ne ,  by var i ou s 
profes s i ona l soc i e t i es and  i ndu s t r i es ,  and  by nume rous 
i nd i v i dua l s  and  g roups who j us t  seem to fee l they mus t 
be pa r t  of t h e  t u rmo i l whe ther  they have a con t r i bu t i on 

to make o r  no t .  
I f  th i s  i s s u e  had nQt ma t e r i a l i zed ove r  such  a 

h . d of t i me i f  commun i ca t i ons  we re l i m i ted so s o r t  pe r l o , . . 
h " h · t  apers"  we re not v i ewed on TV by m i l l  I on s , t a t  w I e p . .  

i f  we d i d  not  have the econom l � l �xur l es �f t
f
od

l
ay , 

.
e

d
tc . --

I ou l d  sane l y  be f i nd i ng mean i ng u gU I e-
s u spect  we w . .  f 1 .  d 7 t�ons wi thou t t u rmo i l ,  w i t hout  con ron-

I ne s  an so"U v 

tat i on . Bu t s uch i s  not the case . 

1 9 76 Symposium �n the Geology 
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THE  MEAN I NG OF  ENV I RONMENT 

Compou nd i ng t hese  and o t h e r  i fs wh i ch con f ro n t  
us , i s  a s i mp l i s t i c ,  ca t cha l l  word wh i ch has  on l y  re
cen t l y  a s s umed p rom i nence i n  ou r voca bu l a ry , but wh i ch 
i s  now known by a l l - - t he wo rd i s  enviro��ent . Webs t e r  
def i nes  env i ronme n t  a s :  "A l l t h e  phy s i ca l , soc i a l  
a nd cu l t u ra l  factors  a n d  cond i t i on s  i nf l uenc i ng t h e  
ex i s tence o r  deve l opme n t  of a n  o rga n i sm . . . .  ; tha t wh i ch 
s u r rounds . "  1 Few wo rds  a re so a l l -encompa s s i n g - 
t h e r e  i s  some t h i ng f o r  eve rybody , a nd everybody ' s  
concept can be emb raced . 

Th i s  g e t s  to the hea r t  of t h e  po i n t I wan t  to 
make : environment cove r s  such b re a d t h  t h a t  a nyone can 
and  does express  a n  op i n i on ,  that everyone ca n be a nd i s  
i nvo l ved . Howeve r ,  the  wo rd by i t se l f  l acks  s u b s t ance 
un t i l the "phys i ca l ,  soc i a l  and cu l t u r a l fa ctors"  a re 
def i ned , a nd un t i l  the " i n f l uence o n  the  ex i s te nce o r  
deve l opme n t  of t h e  o rgan i sm" i s  unders tood . A n d  t h i s  
i s  whe re t he p resent  common p rocedu re s  f o r  env i ronme n ta l 
p l a nn i ng and  rec l ama t i on b reak  down- - i ndus t ry ' s  p l a n s  
a re o f ten  be i ng deve l oped w i thout accu rate  cons i de ra t i on 
of i mpor ta n t  factor s ,  and  agency req u i reme n t s  a re be
com i ng i nc reas i ng l y  dema nd i ng w i t h  l i t t l e  a s s u r a n ce 
t h a t  the resu l t i ng i nf l uence w i l l  be mea n i ngfu l o r  even 
benef i c i a l . 

Because  t he wo rd environment se l dom h a s  the  
same mean i ng for  bot h  the  s peaker  a nd the  1 i s  tene r ,  i t 

1 
The Eng l i sh- Language I ns t i t u te of Ame r i ca ,  I nc . , 1 97 1 , 

The 1 i v i ng Web s t e r  encyc l oped i c  d i ct i on a ry of 
the Eng l i s h l a nguag e :  Ch i cago , p .  32 9 .  
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s hou l d  a l ways  be q u a l  i f i ed or exp l a i ned w i th add i t i ona l 
wo rds  and phrases . Fo r th i s  reason , I am i nc l  i ned to 
d rop env i ronment  f rom my vocabu l a ry . I am l i ke P res i 
dent  Ford and the wo rd "deten te"--a word that  gets  one i n  
t rou b l e  nea r l y  eve ry t i me i t  i s  used shou l d  be fo rgotten . 
U n fo r tuna te l y ,  we must  now l i ve w i th the Na t i ona l Env i ron
menta l Po l i cy Act , t he Env i ronmenta l P ro t ec t i on Agency , 
Env i ronmenta l I mpa ct  S tatemen t s , etc . S i nce the  wo rd 
w i l l  not go away , the bes t we can do i s  to ma ke s u re tha t 
i t s u s e  i s  a l ways c l a r i f i ed by cor rec t l y  a s soc i at i ng and 
unders tand i ng the factors  of i mpo r ta nce i n  each pa r t i cu
l a r  s i tua t i on .  

THE ROL E  O F  THE  GEOLOG I ST 

Th i s  b r i ngs  me more d i rec t l y  to my top i c :  
The geo l og i s t and h i s  ro l e  i n  env i ronmenta l p l ann i ng 
and  rec l ama t i on as a pp l i ed to m i n i ng .  

M i ne ra l exp l o ra t i o n ,  i nc l ud i ng coa l ,  has  l ong 
been recogn i zed as a geo l og i s t ' s  ro l e .  A few ama t e u r s  
may deve l op l i m i ted exp l o ra t i on ca pab i l i ty .  But  gener
a l l y ,  yea r s  of spec i a l i zed educa t i on and f i e l d  exper
i ence are expected q ua l i f i ca t i ons--certa i n l y  the urban  
soc i o l og i s t or the w i l d l i fe b i o l og i s t does not  of ten 
p res ume to have expe r t i se i n  th i s  a s pect of m i n i ng .  

A l ong w i t h a pa r t i cu l a r  ca tegory of eng i nee rs , 
the geo l og i s t has  a l so been fundamenta l to the ro l es 
of s i te i nves t i ga t i on ,  m i ne p l ann i ng a nd des i g n ,  and 
the ext rac t i on of the m i nera l . Aga i n ,  o ther profes s i ons 
genera l l y do not c l a i m  ca pab i l i t i es fundamen ta l to th i s  
aspect of m i n i ng .  

But  the proces ses of exp l ora t i on and the ex
t rac t i on of the m i nera l do not comp l ete the fu l l  s pec
t rum of m i n i ng as  requ i red by today ' s  soc i e ty . The 
m i n i ng proce s s  i s  no l onger con s i dered to be comp l ete 
u n t i  1 the a f fected l a nd has been retu rned to a cond i 
t i on s u i ta b l e  fo r other  pu rposes . And du r i ng m i n i ng ,  
ne i ghbor i ng l and mus t  not be det r i menta l l y affected . 
Furthe r ,  ext rac t i on ra t i os a re i nf l uenced not on l y  
by econom i cs but  by the techn i ca l  1 i m i t a t i on s  of max i 
mum recovery . These conce rns of m i n i ng a re re l a t i ve l y  
new and a re f raught  w i th con t rove rsy . And they offer 
i n roads fo r i ns ta n t  experts  of a l l k i nd s ,  few w i th 
capab i l i ty to prov i de mea n i ng fu l , rea l i s t i c  so l u t i ons . 

Peop l e  cha racter i s t i ca l l y  f i nd fau l t  i n  the 
a c t i ons of others , pa r t i cu l a r l y  when the others  a re a 
m i nor i ty, s uch as m i n i ng i s  now a m i no r i ty w i th i n  U . S .  
i ndus t ry . Fu r the r ,  peop l e  seem to often profess a n  
a b i l  i ty t o  co r rect t h e  fau l ts of o t h e r s  i f  a n y  of t he 
fo l l ow i ng s i tua t i on s  ex i s t :  

1 .  The i r  own fau l t s a re so comp l ex tha t the 
fau l ts of othe rs seem to be a n  a rea more amena b l e  to 
co r rect i on .  Examp l e :  Urban ghet tos con t i nue to de
te r i orate  mos t l y  as  a resu l t  of l ow tncome , but  rathe r  
than so l ve p rob l ems a t  the i r  back door , ma ny soc i o l o
g i s ts take a s tand aga i ns t  new m i n i ng because  the i n
f l ux of m i ners  may upset  the soc i a l  s t ructure  of the 
a s soc i a ted commun i ty .  

2 .  The fau l t  ca n be cor rected by cha ng i ng t he 
a c t i on s  of othe rs rather  than chang i ng the i r  own ac
t i ons . Examp l e :  The c i ty res i dent refuses to change 
h i s  a i r - po l l u t i ng d r i v i ng hab i t s but  he demands z e ro 
d u s t  f rom a rura l s u rface m i ne .  

3 .  Emp l oyment  oppo r t u n i t i es a re a t  m i sma tch 
w i th the expe r t i se requ i red for more na tura l co r rec
t i on of the fau l t . Examp l e :  Po l i t i ca l  sc i e n t i s t s  
a bound and  tend towa rd emp l oyment  pos i t i on s  unf i l l ed 

because  of a shor tage of eng i neers and hard  s c i en t i s t s . 
Another  examp l e :  The geo l og i s t  seeks h i s  mo re h i s tor
i ca l  ro l e  of  exp l o ra t i on l eav i ng the geo l og i c  a spects 
of rec l ama t i on to others  by defau l t .  

4 .  The i r  own d i sc i p l i ne i s  not na t u ra l l y  ma r
ke tab l e  or  recogn i zed a s  i mporta n t . Examp l e :  The 
a rchaeo l og i s t or h i s to r i an recogn i zes  i n  m i n i ng a new 
f i nanc i a l  means to s tudy a t i p i r i ng or homes tead . 

Each of the above s i tuat i on s  and examp l es sug
gests tha t a t tempt s  to co rrect  pa s t  fau l ts of m i n i ng 
w i  1 1  of ten be made by peop l e  h i s to r i ca l l y  outs i d e  of 
m i n i ng .  Wh i l e fau l ts too c l ose  to home a re of ten not 
recogn i zed , and wh i l e f resh  i deas f rom an outs i de per
s pect i ve may of ten be p rodu c t i ve ,  I s u bm i t that mea n
i ngfu l , l ong l a s t i ng ,  v i ab l e  co r rect i ons of the fau l ts 
of m i n i ng w i  1 1  come f rom those mo re fam i l i a r  w i th a l l  
of the c i rcums tances and 1 i m i ta t i ons wh i ch have and 
w i l l  con t i nue to i nf l uence m i n i ng .  F u r t he r ,  co rrec t i ve 
act i on demands maj o r  i nput  by those who , i n  the  pas t 
and p roba b l y  i n  the future , a re mos t  i n t i ma t e l y  com
m i t ted to the s u rv i va l  of the m i n i ng i nd u s t r y .  

I t  seems i mproba b l e  tha t t he soc i o l og i s t w i l l  
comp rehend that  m i n i ng i s  an  i n teg ra l  pa r t ,  i n  fact  
the f i r s t  pa r t ,  of other  i ndus t ry . I t  seems i l l og i ca l  
tha t the b i o l og i s t w i l l  cor rec t l y  comprehend the  phys
i ca l  factors  i nf l uenc i ng m i n i ng and m i ned l and rec l a
ma t i on .  I t  i s  ha rd t o  b e l  i eve tha t t he h i stor i an has 
more than a cu rsory i n tere s t  i n  any ongo i ng proce s s . 
I t  can be expected that  the po l i t i ca l  s c i en t i s t  w i l l  
qu i ck l y  j ump to tomo rrow ' s  i s s ue when i t  deve l ops . 
And where i s  he l p  f rom the econom i s t  who doesn ' t  com
prehend that  m i n i ng i s  one of the few i ndus t r i es wh i ch 
crea te the econom i c  base of the count ry? 

I do not want to i mp l y  t ha t  these non-geo l og i c ,  
non- eng i neer i ng d i sc i p l  i nes a re not i mportant .  They 
may , i n  fac t ,  appropr i a te l y  con t r i bute  to so l u t i ons , 
or even l ead to l og i ca l  res t ra i nt s  to m i n i ng i n  some 
a reas . Howeve r ,  l e t  us  not l et the ta i l  con t i nue to 
wag tne dog . 

True  comm i tmen t and exper t i se w i l l  be requ i red 
i f  t h e  pas t  fau l ts of m i n i ng a re to be cor rected . To 
me , t h i s  req u i res t h e  geo l og i s t ,  and  t hose eng i neers  
c l os e l y a ssoc i a ted w i th geo l ogy . 

I t  s hou l d  be recogn i zed tha t i n  add i t i on to 
the fact tha t everyone e l se wan t s  to get i n to the ac t ,  
the geo l og i s t i s  suspec t .  I n  a genera l sense , the 
geo l og i s t ha s been and w i l l  rema i n  a pa r t  of the m i n i ng 
i nd u s t ry--an i ndus t ry wh i ch has been j udged gu i l ty of 
do i ng w rong and of hav i ng u l te r i or mot i ves . A l though 
t h i s  may make i t  d i f f i cu l t for t he geo l og i s t to a s s ume 
l ead ro l es i n  the processes  of env i ronmen ta l p l ann i ng 
and rec l ama t i o n ,  I u rge , i n  fact  I appea l for h i s  
a c t i ve i nvo l vemen t .  

SUBJ ECTS I NVOLVED I N  AN ENV I RONMENTAL BAS EL I NE STUDY 

I hope the p rev i ous d i scuss i on ha s deve l oped a 
ph i l osoph i ca l  l og i c  for t he geo l og i s t ' s par t i c i pa t i on 
i n  the env i ronmenta l a ct i v i t i es of the new m i n i ng eth
i c . I f  not , there i s  proba b l y  I i t t l e  I can say tha t 
w i l l  do so . Howeve r ,  my expe r i ence i nd i ca tes  tha t a l l 
too often the  s pec i f i c  s u bj ects  of env i ronmenta l l y re
l a ted m i n i ng a c t i v i ty a re not p rope r l y  recogn i zed by 
the geo l og i s t as be i ng i n  h i s  a rea of expe rt i se .  
Therefore , l et me rev i ew t h e  subject  wh i ch mus t  be 
covered i n  a typ i ca l  env i ronmenta l base l i ne s tudy for 
a s u r face coa l m i n i n q  opera t i on .  For bo th  conven i ence 
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a n d  empha s i s  I h d d . , ave  o r  e r e  the  subject  a s  my expe r i -ence has s hown t h  t b d " 
1 

em 0 e o r  e red I n I mpor ta n c e :  ( �  �eo l ogy and  M i ne ra l Resou rces . A s t a te-men t  of eX i s t i ng d " . con I t l on s  so e l eme n ta ry to the geo-l og i s t that  h� ranks i t  as t r i v i a l ,  yet th i s  top i c  forms the bas I s  o r  l og i c  for the  m i ne and thus the pu rpose of the ?a s e l i �e s tudy .  Genera l l y : topo� raphY shou l d  ?e desc r i bed w i th i n  th i s  ca tegory a l so--and topography I S  u s ua l l y  def i ned by the geo l og i c  cond i t i ons . ( 2) S u rface and  G round Wa ter  Hy.d ro l ogy 2. S i nce su rface hyd ro l ogy i s  i nf l u enced by topog raphy , 
and be7a u s e  g rou�d wa te r i s  assoc i a ted w i th geo l og i c  
forma t i ons , who I S  bet te r  qua l i f i ed to a d d ress  th i s  
i ssue t�a n  the geo l og i s t ,  recogn i z i ng tha t for the 
hyd rau l i cs of  f l ow ,  eng i nee r i ng may a l so be req u i red ? 
I n  fact , can  g round wa ter  hyd ro l ogy be def i ned w i thout 
the ass i s tance , i f  no t the  d i rect respons i b i l i ty of 
the geo l og i s t ?  

' 

( 3 )  S u rface a nd G round Wa ter  Qua l i ty .  S i nce 
wa ter qua l i ty i s  i nf l uenced by the chem i s t ry of the 
so i l s  and rock wh i ch the  wa ter  i s  exposed to , th i s  
subj ect i s  a l so d i rect l y  re l a ted to the geo l og i s t .  
I n  fact , a s  t h e  base l i ne s t udy advances t o  assessmen t ,  
the geochem i s t  mus t b e  i nvo l ved i f  a s sessme n t  o f  env i 
ronmenta l i mpacts  due to m i n i ng i s  to be even pa rt i a l l y  
unde rstood . G ra n ted , the b i o l og i ca l a spects of wa ter  
qua l i ty mus t a l so be  mea s u red and  eva l ua ted ; bu t un l es s  
there w i l l  be d i rect d i s rup t i on  of ex i s t i ng s t reams , th i s  
w i l l  be seconda ry i n  i mporta nce to chem i s t ry and s ed i -
men t .  

( 4 )  S o i l s .  A l though the  sc i ence of  so i l s  i s  
bas i ca l l y  i n  the ag r i cu l t u ra l d i sc i p l i ne o f  ag ronomy , 
the geo l og i s t can p rov i de s i gn i f i ca n t  a s s i s ta nce i n  
the i nterpreta t i on of  so i l s d i s t r i bu t i on - - pa r t i c u l a r l y  
i f  so i l  chem i s t ry i s  such that  so i l s a t  any depth  shou l d  
be bu r i ed o r  topso i l ed du r i ng rec l ama t i on .  ( 5 ) Vegeta t i on and  Land Use . A n  i mpo r ta n t  
subject not d i rect l y  re l a ted to t h e  geo l og i s t .  How
ever ,  cond i t i ons  of topog raphy , hyd ro l ogy , and  s o i l s  
a l l ow the geo l og i s t to have a good u nde rs tand i ng of 
the factors wh i ch i nf l uence vegeta t i on and l and u s e , 
and , therefore , the req u i reme n t s  to rees tab l i sh  
acceptab l e  cond i t i ons  fo l l ow i ng m i n i ng .  ( 6 )  W i l d l i fe .  A s u b j e c t  for the  s pe c i a l  i s t .  
Al though topog raphy , vegeta t i on ,  a nd l and u s e  i nf l u
ence w i l d l i fe ,  the re l a t i on s h i ps to geo l og i c  cond i t i ons  
a re obscure . Thu s , th i s  i s  the f i rs t  s ubject  of t he 
base l i ne s tudy tota l l y  sepa rate f rom the  geo l og i c  d i s 
c i p l  i nes . 

( 7 )  Soc i oeconom i cs .  A subj ec t of obv i ous  i n
terest to a l l who w i l l  l i ve i n  the  v i c i n i ty of the  
m i ne ,  but  not a s u bj ect for  so l ut i on by the geo l og i s t .  

( 8 )  C l i ma to l ogy a nd A i r  Qua l i ty .  A subj ect  
a l so for  othe r s , b u t  one genera l l y  hav i ng l i t t l e  rea l 
i n te ra c t i on w i t h m i n i ng u n l es s  the  m i ne i s  a s soc i a ted 
wi th a power or gas i f i ca t i on p l an t .  

( 9 )  A rchaeo l ogy , H i s to ry a nd Pa l eo n to l ogy . 
Al though the l a t t e r  subject  i s  a s soc i a ted w i th geo l ogy , 
i t  wi 1 1  be i nconseq uen t i a l  except a t  the u nusua l s i te .  

2
Al thOugh have l i s ted th i s  subject  s econd to Geo l ogy 

and M i ne r a l Resou rces , I has ten to e�pha s i ze tha t 

Surfac e  and  G round Water  Hyd ro l ogy w i l l  be techn i ca l l y  

the mos t  comp l ex subject  .
. 
And , except for def i n i t i o n  

f i t  w i l l  be  env i ronmenta l l y the mos t  i mportant  o pu r pose ,  . '  
subj ect  i n  mos t  m i n i ng s i tua t i ons .  

The f i rs t  two a re of ten s i m i l a r l y  i nconsequen t i a l  but ,  
a s  p rev i ous l y  men t i oned , the spec i a l  i s t  has a l ready 
ca rved h i s  n i che i n to th i s  a spect of m i n i ng .  

( 1 0) Ma rket i ng ,  Transporta t i on , Powe r ,  etc . 
Top i cs wh i ch can genera l l y  be add res sed i n  suff i c i en t  
deta i l  b y  a nyone p repa red to take t h e  t i me to do so .  

As noted , the f i rs t  t h ree  subjects  I have 
1 i s ted ( Geo l ogy a nd M i ne ra l  Resou rces , S u rface a nd 
G round Wat e r  Hyd ro l ogy , and  Su rface and G round Wa t e r  
Qua l i ty )  a re d i rect l y  r e l a ted to geo l og y ;  and the next 
two ( So i l s  a nd Vegeta t i on and Land Use ) a re c l ose l y  
as soc i a ted w i th geo l ogy . Howeve r ,  th i s  i s  j u s t  the 
s ta r t  of a mean i ngfu l env i ronmenta l p rog ram . The end 
res u l t  of the ba se l i�e s tudy i s  a n  i nventory of d a ta , 
genera l l y  use l ess  w i thout deta i l ed cons i de ra t i on w i th 
respect to the m i n i ng ope ra t i ons . And th i s  cons i de r
a t i on mus t  be made by peop l e  knowl edgea b l e  about a nd 
sens i t i ve to the p rocedu res and econom i es of m i n i ng .  
Aga i n ,  the geo l og i s t  a nd h i s  c l os e l y  a s soc i a ted f r i ends 
i n  eng i neer i ng r i se to the top of the q ua l i f i ca t ions  
1 i s t .  

AN APPEAL FOR ACT I ON 

I s u bm i t that  m i n i ng opera t i on s  t h a t  a p p rop r i 
a te l y  cons i de r  geo l ogy , topog raphy , s u r face  a n d  g round  
wa t e r  hyd ro l ogy , wa t e r  qua l i ty and  so i l s--as  accu rat e l y  
v i ewed f rom the  fu l l  s pect rum o f  geo l ogy--w i l 1 have 
m i n i mum env i ronme n ta l i mpacts . F u r the r ,  I s u bm i t t h a t  
rec l ama t i on ,  p l anned and i mp l eme n ted w i th accu ra te  
cons i de ra t i on of  these s u bj ec t s ,  w i l l  be s ucce s s fu l .  
Other  subjec t s , often  of mo re common pub l i c  concern  
such a s  vege ta t i on and  w i l d l  i fe ,  w i l l  be a l mo s t  a u to
mat i ca l l y  con t ro l l ed i n  a n  env i ronme n ta l l y accepta b l e 
ma n n e r  i f  the  co rrec t s o i l i s  p l aced i n  the correct  
pos i t i on at  the  cor rect  s l opes , and  i f  s u r face and  
g round wa t e r  i s  redeve l oped i n  a s c i en t i f i ca l l y  con
t ro l l ed ma nne r .  

Hopefu l l y ,  I have conv i nced you tha t t h e  geo l o
g i s t ca n p l ay  a n  i mpo r t a n t  ro l e  i n  t h e  p rocess of en
v i ronmenta l p l ann i ng and rec l ama t i on . I f  s o ,  and  you 
wa n t  to know more a bou t the deta i l s ,  the l i te ra t u re i s  
extens i ve--a l though you w i l l  often  have to add  the geo
l og i c  thoug h t  p rocess on you r  own . 

Mo re common l y ,  I recog n i ze that  mos t i n  th i s  
aud i ence w i l l  con t i nue to pursue the more h i stor i c  ro l es 
of geo l ogy i n  m i n i ng .  I do not b l ame you for th i s  
a t t i tude-- I ,  and the compa ny I represen t ,  have a s i m i 
l a r  i n te res t .  Howeve r ,  I a ppea l to you to p l ay a n  
a ct i v i s t ro l e  i n  t h e  env i ronmenta l i s sues of m i n i ng .  

Accept the need fo r env i ronmen ta l l y sound 
m i n i ng p rocedu res , but  i ns i s t  that  the e n t i re subject  
be kept  i n  perspec t i ve .  F i gh t  for l aws and agency i n
terp re ta t i ons that  make env i ronmen ta l sense  compa t i b l y  
w i th geo l ogy and the process  of m i n i ng .  And when you 
a re respons i b l e  for the emp l oyment  of env i ronmenta l 
serv i ces , l ook pas t  the f ros t i ng of vegeta t i on ,  w i l d-
I i fe and a i r  q ua l i ty to i ns i s t on ca pab i l  i t i e s  compa t i 
b l e  w i th the  rea l and  tota l need s .  I b e l  i eve you w i  I I  
f i nd these ca pa b i l i t i es on l y  i n  f i rms hav i ng maj o r  
s t rength  i n  t h e  va r i ous spec i a l t i es o f  geo l ogy . 

SUMMARY 

To summa r i ze ,  l et me come back to the t i t l e  of 
my paper : Geo l oQ i c  Asoects of Env i ronmen t a l P l ann i ng 
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and Rec l ama t i o n .  What i s  the  geo l og i s t ' s  ro l e ?  
hone s t l y  d o  no t know . I t  i s  c l ea r  t ha t  the  poten t i a l  
and need a re g rea t . But  to ga i n  a ro l e ,  you mus t  a s 
s ume one - - pa r t i c u l a r l y  when o t h e r s  a re a l so t ry i ng to 
a s sume the ro l e .  To d a te , I am a f ra i d  that  the p ro
fess i on of geo l ogy has a l l  too o f ten been g u i l ty of 
g i v i ng t h i s  ro l e  away- - i nten t i ona l l y  because of a l ack 
of i n teres t ,  or  by defau l t  because t he i r effort  i s  
s t i l l  d i rected on l y  to the mo re h i s to r i c  a s pec t s  of 
m i n i ng .  

Rec l a imed surface·m i ned coa l l and , Rout t  County , Co l orado 
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COAL-FORM I NG PROCESSES 
IN THE SWAMPS AND MARSHES 
OF FLORIDA AND GEORGI A  

W I LL I AM S PACKMAN , J R . : The Pennsy l va n i a  State  Un i vers i ty 
Un i ve r s i ty P a r k ,  Pennsy lvan i a  
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ABSTRACT:  Many of t he s t ruc tu ra l fea t ures a nd compos i t i ona l c ha racter i s t i cs of coa l seams a r e  f i xed a t  t he t i me 
of accumu l at i on of the p recu r so r  sed i men t s . I nc l uded i n  t h i s  category a re t extu re , i n t raseam s t ra t i f i ca t i on a nd 
coa l qua l i ty ,  i nsofa r a s  a s h  y i e l d  and s u l f u r  contents  are  conce rned . T he m i nera l content  a nd t he concent ra t i on s  
of maj or a n d  t race e l emen ts  a re estab l i s hed to a s i gn i f i ca n t  deg ree , a s  a re certa i n  a s pects  of macera l compos i t i o n .  

The Okefenokee Swamp o f  Geo rg i a  a nd t he Eve rg l ades-Ma ng rove swamp-ma rsh  compl ex o f  sou t he r n  F l or i d a ,  pro
v i de a var i et y  of env i ronments  i n  wh i c h  one can eva l uate  t he s i g n i f i cance of geo l og i ca l , g eochem i c a l  and b i o l og i 
ca l proces ses i n  determ i n i ng t he n a t u re of  t he peat s ed i men t s .  The phenomena of aqueous  t ra nsgres s i on a nd re
g ress i on accoun t  for a maj o r  port i on of  t he s t ra t i f i ca t i on that cha racter i zes t he pea t b l anke t , bu t t h e re a re a 
numbe r of other  phenomena wh i ch a l so con t r i bu t e  t o  the  s u perpos i t i on i ng of d i f ferent  peat type s .  I n  con t ra s t  t o  
t he common i norga n i c  s ed i ments ,  t h e  textu re of  t he va r i ou s  pea t types i s  dev e l oped l a rg e l y  t h rough t h e  act i on o f  
b io log i ca l  p rocesses . The deve l opmen t  a n d  concent ra t i on o f  such i mportant  s u b s ta nces a s  pyr i te a nd fu s i n i te are  
favored i n  certa i n  env i ronmen t s ,  and  t he genera l c ha racter  of t he subsequen t l y  deve l oped coa l t ype i s  dete rm i ned 
by the i n teract i on of the  geo l og i ca l -geochem i ca l -b i o l og i ca l proces ses wh i ch a re operat i ng i n  t he pa r t i cu l a r  peat 
form i ng env i ronmen t i nvo l ved . Compos i t i ona l re l at i on s h i ps between t he Ter t i a ry 1 i g n i tes of  A l a bama , Dakota  and 
Vermont and t he Georg i a  a nd F l o r i da pea t s  are beg i nn i ng to eme rge . 

MODELS OF COAL DEPOS I T I ON 

ALAN C .  DONALDSO N :  Wes t  V i rg i n i a U n i vers i ty 
Morgantown , West V i rg i n i a 

ABSTRACT : The scope o f  t h i s  paper i nc l udes t he l a rger  depos i t i ona l system of wh i ch t he swamp- pea t-coa l i s  a pa rt  
and empha s i zes  t he va l ue of u s i ng t he present  as  a key to the pas t  i n  t he ana l ys i s  of coa l mea s u re rocks . The 
modern set t i ng of mos t swamps i s  i n  a reas of tempe ra te to t rop i ca l  c l i mate  a nd �a r t  of : he �epos i t i ona l systems 
of r i ver d e l tas  a nd i nter-d e l ta ma r i ne-dom i nant env i ronments  such as s t rand p l a i n , ba r r i er I s l and- l agoon , a nd 
t i da l  p l a i n .  . . . d d ' h 1 h '  1 ( 1 ) . d . 

T h  b s i c  mode l s  of depos i t i on a re usefu l I n  un erstan  I ng t e Appa ac I a n  coa s :  ma r l ne- om l na n t  
d 1 . 

ree �a b l e  tecton i c  a rea (N i g e r  De l ta - Pocohon tas  and New R i ve r  G roup) , (2) f l uv i a l -dom i nant de l ta i n  e t a  I n  a n  uns  
) d ( 3 )  f l  . 1 d ' d l ' b l  . 

b l  t ton i c  a rea ( M i s s i s s i pp i  D e l ta - Kanawha G roup , an uV l a - om l nant  e t a  I n  a s ta e tecton i c  an u n s ta e ec 
) d '  d '  h f 1 1 '  h . 

a rea ( Guada l upe De l ta - Conema u g h  a nd Mononga�e l a  Groups . The mo : l s  I n  I ca t e  t
f

e 
.
actors co�� ro I ng

h
t e �OS I -

t i on of  the  coa l i n  the  a natomy of the  �e l ta I n  respect to t�e fra� l ng
(
sands

)
tone �c l es ,  a s  we a s  su

l
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coa
d h . . a s  t he a rea l extent  t h i ckness , p refe rred or i en t a t i on t rend , s p l  I t S ,  wan t  area s ,  s u  u r  a n  as character i s t i cs ' . . 1 d tack i ng a r r a ngement .  These mode l s a l so seem a ppropr i a te for  the  Rocky Mounta i n  coa s .  conten t ,  a n  s 
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GEOPHYS I CAL TECHNI QUES FOR COAL EXPLORATI ON 

W I LFRED P .  HASBROUCK :  

FRANK A .  HADSE L L :  

U . S .  Geo l og i ca l  S u rvey 
Denver ,  Co l or ado 80225 

Co l o rado School of M i nes 
Go l den , Co l orado 8040 1 

ABSTRACT : By adapt i ng and us i ng t he too l s  a nd techn i ques of o i l , m i n i ng ,  eng i neer i ng ,  and boreho l e  geophys i cs ,  
the  coa l g eophys i c i s t , wor k i ng a s  pa r t  o f  t he exp l ora t i on team , seeks so l u t i on s  t o  coa l - re l a ted prob l ems that  now 
requ i re an i nord i nate l y l a rge numbe r of d r i l l ed ,  cored , and samp l e- l ogged ho l es .  For coa l s  of the  Western  S tates , 
two p rob l ems a re of i mmed i a te conce r n :  t h e  esta b l  i shmen t o f  bed corre l a t i on s ,  and  the  mapp i ng o f  burned fac i es .  
F i e l d  s tud i es i nd i cate  that  the comb i ned use of se i sm i c  sha l l ow-ref l ec t i on procedu res and seam-wave cert i f i cat i on 
techn i ques appea rs to be t he met hod of cho i ce for the  bed-corr e l a t i on prob l em ;  magnet i c  met hod s work we l l on t he 
c l i nker prob l em .  Other  g eophys i ca l  met hod s that  have y i e l ded pos i t i ve resu l ts i n  coa l exp l ora t i on i nc l ude ( 1 )  t he 
g rav i ty method--used to d e l i neate coa l i ferous ba s i ns and to l ocate cutou t s  of t h i ck coa l s  a t  sha l l ow dept h ;  ( 2 )  
e l ec t r i ca l  res i s t i v i ty method s--used t o  l ocate subc rops o f  s t eep l y  d i pp i ng coa l bed s , a nd ( 3 )  boreho l e  met hods-
used  to effect bed cor re l a t i ons  and to est i mate  qua l i ty of  coa l . 

EASTERN UTAH COAL FIELDS 

H ELLMUT H .  DOELL I NG :  Utah Geo l og i ca l and M i nera l S u rvey 
Sa l t  Lake C i t y ,  Utah 84 1 08 

ABSTRACT : Mo s t  of Utah ' s  i mportant  coa l f i e l d s a re in  t he eastern  ha l f  of t he state;  t hose i n  eas t-cent r a l  U t a h  
have been t he mos t  important to t he s t a t e  f rom t h e  s tandpo i nt o f  p roduc t i on .  Large reserves a re s t i l l  to be found 
here , the qua l i ty i s  exce l l ent , env i ronmenta l prob l ems a re l ess  t ha n  t hose exper i enced i n  sou t hwes tern  Utah , and 
f u t u re devel opment and proj ects a re to be expected . A rev i ew of t he Mount P l easa n t ,  Wa satch P l a teau , Book C l  i ffs , 
Seg o ,  Henry Mou n ta i n s ,  a nd Eme ry f i e l ds w i l l  po i nt out some probl ems i nherent to Utah  coa l .  

COAL AS A MAJOR SOURCE OF DRY NATURAL GAS , 
W I TH EXAMPLES FROM TWO ROCKY MOUNTA IN BAS I NS 
( SAN JUAN AND RATON ) 

FRED F .  ME I S S N E R :  F i l on Exp l orat i on Corpo rat i on 
Denve r ,  Co l orado 80202 

ABSTRACT : Mode rn geochem i ca l  theo ry i nd i ca tes tha t o i l and most hydroca rbon ga ses a re generated by the  therma l 
a l terat i on (metamorph i sm) of p r i ma ry organ i c  ma ter i a l  bur i ed i n  sed imen t s .  Observed f i e l d  re l at i on s h i ps and 
t hermodynam i c  p r i nc i p l es s how that  the proces s i s  bot h  a )  tempera t u re- a nd b)  t i me-dependent ,  and  i s  re l a ted to 
the i n stab i l i ty and b rea kage of mo l ecu l a r  bonds i n  comp l ex so l i d  o rga n i c  mate r i a l  a ccompa n i ed by t he re l ea s e  of 
more s i mp l e  f l u i d  hyd roca r bons . The onset of meas u ra b l e  hyd roca r bon genera t i on ( sou rce- rock "mat u r i ty")  occ u rs 
s udden l y  a t  some " c r i t i ca l  tempe ra t u re , "  wh i ch may conven i en t l y  be re l ated to bur i a l  depth t h roug h  the ea rt h ' s  
geotherma l g rad i en t . Re l a t i ve s tages of t he rma l metamo rph i sm re l a ted to "ma tu r i t y" may be determ i ned by exam i n i ng 
certa i n  p rope r t i es of o rga n i c  mater i a l , such as co l or ,  e l ect ron-sp i n  resonance , ext r actab l e  hyd roca r bons ,  et c .  
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Be,;-ause  coa l s  form a con t i nuous metamorph i c  ser i es g rad i ng f rom pea t to g raph i te ,  t he "coa l i f i cat i on" proces s ap
p l l c�b l e  to "'.",oody" o rga n i c  mate r i a l  offers a conven i en t  means  of  determ i n i ng and  stand a rd i z i ng i nc rementa l char
ges I n  therma l a l t e ra t i on .  Coa l i f i ca t i on ranks  may be conven i en t l y  re l a ted to depth t h rough the recen t l y  p ro posed 
" l eve l -of-organ i c-metamo rph i sm" ( LOM) sca l e .  The onset of t he rma l hyd rocarbon generat i on (ma t u r i ty)  appea r s  to 
occu r  a t  a l eve l -of-organ i c-metamo r ph i sm cor respond i ng to a h i gh-vo l at i l e  B b i tum i nous coa l w i th a vo l at i l e  ma t te r  
con tent  of about 4 1  percent . 

The concept of d ry na t u ra l gas or i g i na t i ng f rom bedded h i gh- rank  coa l s  o r  d i s sem i na ted coa l y  mat te r  has 
not been w i de l y  used as  a n  exp l a na t i on o r  p rospect i ng concept for the  d e l i nea t i on of maj o r  gas  p roduc i ng a rea s .  
The obse rved assoc i a t i on o f  maj o r  gas accumu l a t i ons  w i th coa l -meas u res  conta i n i ng h i g h- rank coa l s  p rov i d es a s ub
stan t i a l  body of emp i r i ca l  ev i dence re l a t i ng coa l metamo rph i sm to gas genera t i on .  The occ u r rence of met hane i n  
certa i n  coa l -m i n i ng a reas serves a s  fu r t h e r  ev i dence for gas genera t i on f rom coa l . Data s uggest  t he genera t ion  of 
ove r 6 , 000 cub i c  feet of  gas fo r each ton of coa l metamorphosed t o  the a n t h rac i te ran k .  

Coa l - bea r i ng s t rata  a re found i n  sed i ment s cha racte r i zed b y  sea-coast  l agoona l and  de l ta i c  f l ood - p l a i n 
depos i ts of u ppe rmos t  Cretaceous- l owe rmos t Te rt i a ry age i n  mos t  of t he Rocky Mounta i n  s t ructu ra l bas i ns .  Bas i ns 
where t hese coa l s  ach i eve h i gh ra nk i n  t he subsurface a re further  as soc i a ted w i th the  presence of l a rge vo l umes of 
na t u ra l gas i n  adj acent sands tone reservo i rs depos i ted i n  t ra n s i t i ona l s ho re l i ne-bar o r  s t ream-c hanne l env i ron
ments . Examp l es of coa l d i s t r i bu t i o n ,  metamorph i sm ,  and as soc i ated met hane gas accumu l at i on have  been i nves t i 
gated i n  two bas i ns .  The San Juan Bas i n  i s  a rather  mat u re l y  exp l o red a rea and  conta i n s  the second l a rg e s t  gas 
f i e l d  comp l ex i n  the Un i t ed States . The Raton Ba s i n  i s  non-p roduct i ve at the p resent  t i me , but s hou l d  have t re
mendous exp l ora t i on poten t i a l  ba sed on theory a nd s i m i l a r i ty w i t h p roven a reas . Sem i -quant i ta t i ve e s t i ma tes , 
bas ed on coa l extent , t h i c kn ess , and rank ,  s uggest t he Vermej o and  Ra t on Fo rma t ion  coa l s  i n  t h e  Raton Bas i n  s hou l d  
have reasona b l y  genera ted 1 4  t r i l l i on cub i c  feet of gas . 
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RE SOURCE SERIES l--Geology of Rocky Mountain coal , a Symposium, 1 97 6 ,  edited by D. Keith Murray , 1 97 7 .  

INFORMAT ION SERIES !--Coal mines and coal f ields o f  Colorado , b y  D .  C .  Jone s , 1 9 7 6 , 1 map ( scale 

1 : 5 00 , 000) , $ 2 . 5 0 (active and abandoned surface and underground coal mines ) .  

INFORMATION SERIES 2--Coal mines o f  Colorado, s ta t i s t ical data , by D. C .  Jones and D. K .  Murray , 1 97 6 ,  

2 7  p . , $ 1 .  0 0 .  

INFORMATION SERIES 7 Colo rado coal analyses , 1 9 7 5  (Analyses o f  64 samples collec ted in 1 9 7 5 ) , b y ,  

D .  L .  Boreck , D .  C .  Jones , D .  K .  Murray , J .  E .  Schul t z , and D .  C .  Suek , 1 9 7 7 , l12p . , $ 3 . 00 .  

SPECIAL PUBLICATION 9-- 1 9 7 5  summary of coal resources in Colorado , by A. L .  Hornbaker ,  R. D .  Hol t ,  and 

D. K. Murray, 197 6 ,  17 p . , $1 . 00 .  

BULLETIN 34-A--Bibl iographz , coal resources in Colorado , by - R .  D .  Hol t ,  1 9 7 2 ,  32 p . , $1 . 00 .  

OPEN-FILE REPORT--Ac tive/l icensed coal mines o f  Colorado , by D .  C .  Jones , 1 97 6 ,  1 map ( scale 
1 : 1 , 00 0 , 000, Ozalid copy ) , $ 2 . 00 .  
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INFORMATION SERIES 3--Oil and gas fields of Colorado , statis t ical data , by D .  C .  Jones and D. K. Murray , 
1976 , 57 p . , _ $ 2 . 00 .  

GEOTHERMAL ENERGY 

BULLETIN 35--Proceedings of a sympos ium on geothermal energy in Colorado , by R. H .  Pear l ,  ed . ,  1 9 7 4 , 
102 p . , $ 3 . 00 .  

SPEC IAL PUBLICAT ION 2--Geo thermal resources o f  Colorad o ,  b y  R .  H .  Pear l ,  1 9 7 2 , 54 p . , $ 1 . 0 0 .  

INFOEIL'.TIO:I SERIES 4--Map showing thermal springs , wells and heat-flow contours in Colorado , by 
J. K. Barrett and R .  H .  Pear l ,  1976 ( scale 1 : 1 , 000 , 000) , $ 1 . 50 . 

INFORMATION SERIES 6--Hydrological data o f  thermal springs and wells in Colorado , by J .  K. Barr e t t  
and R .  H. Pear l ,  197 6 ,  124 p . , $ 1 . 50 .  

GENERAL 

GEOLOGIC MAP OF COLORADO- -U . S .  Geological Survey , 1935 (1 sheet , mul t i-colored , s cale 1 : 500 , 000 ; reprinted 
by Colorado Geological Survey, 1 9 7 5 ) , $ 5 . 00 ( � 6 . 5 0 rolled and mailed) . 

MAP MF 788--Preliminary geologic map of Colorado , comp iled by Ogden Tweto , U . S .  Geological Survey , 1 9 7 6  
( 2  sheet s ,  black and white , scale 1 : 500 , 000) , $ 1 . 5 0 .  

MAP I- l039-- Energy resources map o f  Colorado , Compiled by U . S .  Geo logical Survey and Colorado Geological 
Survey , 1 9 7 7 ,  U . S . G . S . , (1 shee t ,  mul t i-color , scale 1 : 500 , 000) , $2 . 00 .  

MAP SERIES l--Geologic, energy and mineral resources maps of Rout t County, Colorado , by A. E .  Miller , 
1 9 7 5  (2 ma� s ,  scale 1 : 12 6 , 750) , $ 5 . 00 .  

MAP SERIES 3--Geology of Mo f fat County , by A. E .  Miller , 1 9 7 7  ( s cale 1 : 1 26 , 7 2 0 )  ( in press ) . 

MAP SERIES 6--Energy resource development map o f  Colorado , comp iled by D .  K .  Murray , 1 9 7 6  ( 1  sheet , two
color , scale 1 : 500 , 000) (out-of-print ; to be revised and reissued in 197 7 ) . 

BULLETIN 3 7--Bibl iography and index of Colorado geology 18 7 5-1 9 7 5 , comp i l ed by American Geological 
Ins t i tute , 1 97 6 ,  $ 7 . 50 soft cover , $1 0 . 00 hard cover . Mail orders add $1 . 00 for each copy , p o s tage 
'lnd handl ing . 

COLORADO STRATIGRAPHIC CORRELATION CHART--by R. H. Pearl and D .  K. Mur ray , 1 9 7 4 , $ 0 . 2 5 .  

To order publicat ions , specify series and number , title , and quantity desired . P repayment is reques ted . Make 
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