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CHAPTER I

INTRODUCTION

H ie n a tu ra l fo rm ation  of acid a s  a by-p roduct of m ining opera tions has 

been observed  throughout the w orld . T his acid has been form ed by the r e ­

action  of oxygen and w a te r with su lfu r-b e a r in g  m in e ra ls , such  as py rite  

(FeSg).

The fo rm ation  of su lfu ric  acid f ro m  pyrite  has becom e a m ajo r prob lem  

In the coal m ining a re a s  of the e a s te rn  United S ta tes, p a rticu la rly  Ohio, W est 

V irg in ia , and Pennsylvania. The fo rm atio n  of an acid  d isc h a rg e , popularly 

known as "acid  m ine d ra inage , "  o r  sim p ly  AMD, is  re sp o n sib le  fo r  the  ru in ing  

of many s tre a m s  and lakes as re c re a tio n  a re a s , fo r num erous fish  k ills , and 

fo r  g en era l w asting  of na tu ra l r e s o u rc e s  and beauty. The acid ity  a lso  cau ses  

c o rro s io n  of b rid g e  p ie rs , locks, boa t h u lls , and pum ps. (30)

The acid  m ine d ra inage  p rob lem  h as  been a ttacked  fro m  m any an g les— 

rang ing  fro m  tre a tm e n t of acid w a te r and sea ling  of abandoned m ines to labo­

ra to ry  sc a le  re s e a rc h . R esearch  on AMD has included stud ies in the a re a s  

of chem ical k in e tic s , m icrobiology, m ineralogy , geology, hydrology, and 

tre a tm e n t m ethods. Thus fa r  m o st w ork  has been confined to specific  a re a s  

with little  in te rac tio n  am ong d isc ip lin e s . To c o -o rd in a te  th is  d iv e rse  in fo r­

m ation , r e s e a r c h e r s  a t Ohio S tate U niversity  have undertaken  a sy s tem atic  

a n a ly s is  of acid  m ine d rainage. The ob ject of the a n a ly s is  is  to develop a 

m ath em atica l m odel of acid m ine d ra in ag e  sy s tem s.



A useful m athem atica l m odel m ust quantitatively  re la te  the physical and 

ch em ica l p a ra m e te rs  of a py ritic  sy s te m  to the ra te  of pollution d isch arg e  

a c ro s s  the boundaries of the sy s tem . Such a m odel would accu ra te ly  p re ­

d ic t the  lo n g -te rm  effects of m ining op era tio n s , abatem ent p ro ced u res , and 

o th e r conditions im posed on the sy s tem .

Of equal im portance is  the ab ility  to p red ic t su rg e s  and peak flows of 

acid . In m any p y ritic  sy s te m s , '•no rm al'1 runoff can  be abso rbed  without 

effec t on rece iv in g  s tre a m s . It is  the heavy slugs of d isch arg e  tha t period­

ica lly  cau se  extensive dam age to rece iv in g  w a te rs . P red ic tio n  of these  

would allow  design  of p ro tec tive  n eu tra liz in g  sy s te m s .

The developm ent of a m athem atica l model of a sy s te m  usually  follow s a 

s te p -b y -s te p  approach . The f i r s t  s tep  is the iden tification  of what is  known 

about a sy s te m  (and by in ference , what is  not known). T his may be done by 

rev iew ing  the l ite ra tu re  and w ork of previous in v es tig a to rs . The second 

s te p  is  f illin g  in the gaps in ex is tin g  knowledge. The p re fe rre d  technique 

is  experim en ta tion . However, if the  problem  is  not am enable to  ex p e ri­

m ental so lu tion , approx im ations can  be generated  s ta r tin g  fro m  basic  

sc ien tif ic  p rin c ip le s . The final s te p  is  com paring  the model behav io r w ith 

tha t of the re a l sy s tem . At th is  tim e , v a ria b le s  a re  f re e  to in te ra c t, and 

the valid ity  of the basic  assum ptions is  proved o r  d isp roved . Once the 

m odel has been  refined  and can  p red ic t p revious da ta , then it  is  possib le  to 

fo re c a s t  the e ffec ts  of p e rtu rb a tio n s  im posed on the sy stem .

Such a s te p -b y -s te p  p rocedure  w ill be followed in developing a m odel of 

a p y ritic  oxidation sy s tem . In th is  c a se , the exam ination  of ex is tin g  knowl­

edge includes review ing both g e n e ra l acid m ine d ra in ag e  l i te ra tu re , and 

ex p erim en ta l s tu d ies  of n a tu ra l py rite  oxidation sy s te m s . The experim en ta l



w ork is  repo rted  along w ith n u m erica l com putation techniques used to eval­

ua te  undefined q u an titie s .

Next, the ac tual m odel and com putational m ethods a re  developed and 

proved. This has been done fo r  one specific  py rite  oxidation sy s tem , a 

d r i f t  m ine, but the g en era liza tio n  of th is m odel to o ther types of sy s tem s 

w ill be shown. F ina lly , the model w ill be used to p red ic t re s u l ts  of possib le  

sy s te m  pertu rba tions.



CHAPTER H

LITERA TURE REVIEW 

H isto rica l

The prob lem  of acid production in coal m ining reg ions has been the su b ­

jec t of s tu d ies  since before  1900. The e a r l ie s t  s tu d ies  w ere e ssen tia lly  

re p o r ts  of local acid  production and high acid concen tra tions in s tre a m s  a f te r  

heavy s to rm s . The re p o rts  frequently  tra c e d  the acid so u rce  back  to aban­

doned coal m ines, and m ore  specifica lly  to  iro n  pyrite  a sso c ia ted  with the 

coal. In som e m anner, the py ritic  su lfu r was reac tin g  and oxidizing to fo rm
i
su lfu ric  acid and iron  su lfa te .

E arly  a ttem p ts  w ere  m ade to stop  th is  oxidation by using m ine sea lin g  

techniques. T his was done with som e su c c e ss  in the 1920's in W est V irg in ia , 

but in o th er s ta te s  re c o rd s  of m ethods and re s u lts  have been lo s t. Moulton(26) 

h as p resen ted  a good rev iew  of the e a r ly  s tud ies  in Ohio.

Since 1965, Bitum inous Coal R esearch , Inc. (23) has issued  annual 

b ib liograph ies of acid m ine d ra inage .

The next s te p  beyond rep o rtin g  of acid  production was the s ta r t  of e x p e ri­

m ental lab o ra to ry  w ork. Some of the e a r l ie r  in v es tig a to rs  include Li and 

P a r r  (20), Ale Kay and H alpern (22), B urke and Downs (6), and N elson, Snow, 

and K eyes (28).

Li and P a r r  (20) studied the oxidation of py rite  using  both a i r  and oxygen

4
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a tm o sp h e res  containing m o is tu re . They found the ra te  of oxidation in a i r  to 

be only one-half of th a t in oxygen, and tha t the ra te  in c reased  w ith the am ount 

of w a te r vapor in the a tm o sp h ere . In te s ts  w here the pyrite  had been w etted, 

i t  appeared  that the py rite  was m ore re a c tiv e , and tha t w ater m ight be a c ti­

vating  the pyrite  in som e way.

N elson, Snow, and K eyes (28) passed  w a te r-sa tu ra te d  a ir  through beds of 

c ru sh ed  coal. They found oxidation ra te s  in c reased  with in c reas in g  te m p e r­

a tu re , but seem ed to d e c re a se  over a period  of days. They a ttribu ted  th is  

d e c re a se  to a build-up of su rface  p roducts. In o ther s tu d ies , Nelson et a l. 

added f e r r ic  ions to c o a l-w a te r  s lu r r ie s .  Although the oxidation ra te  in­

c re a s e d  20 to 25 per cen t, the in v estig a to rs  did not fee l th is  indicated f e r r ic  

ion was acting  a s  an ox id izer.

McKay and H alpern (22) oxidized py rite  in aqueous so lu tions in the te m p e r­

a tu re  range 100 to 130 °C . They found the o v e ra ll oxidation ra te  was 

p roportiona l to p y ritic  su rface  a re a  and oxygen p a rtia l p re s su re , but inde­

pendent of solution com position . They concluded that the ra te  con tro lling  

s te p  in pyrite  oxidation is  a heterogeneous su rface  p ro cess  involving a chem i­

cally  adsorbed  oxygen m olecule. They a lso  observed  that the  s to ich io m etric  

oxidation reac tio n  w as:

FeS2 + 7 /2  0 2 + H20  = H2S 04 + F eS 04 (2-1)

Oxidation M echanism

In m ore  rec en t r e s e a rc h , the em phases has been on so lu tion  c h em is try  

and the definition of the p rec ise  oxidation m echanism . B irle  (4), Kim (16), 

Ju tte  (15), and M orth (24) studied the b a s ic  k inetics of the oxidation of con­

c e n tra te d  pyritic  m a te r ia l.



B irle  (4) perfo rm ed  a g en era l study of the oxidation of iro n  p y rite . He 

m easu red  re la tiv e  su rfa ce  a re a s  of d iffe ren t s tru c tu ra l fo rm s  of py rite .

Sulfur ba ll m a te ria l of the type found in coal had m uch g re a te r  su rface  a re a  

p e r  unit w eight than did highly c ry s ta llin e  m useum  g rad e  py rite  ( fo o l 's  gold). 

S tiles  (41) in p a ra lle l w ork showed that the reac tiv ity  of p y ritic  m a te ria l is  

p ropo rtiona l to  i ts  su rfa ce  a re a .

K im  (1C) studied the oxidation k in e tics  of concen tra ted  p y ritic  m a te ria l in 

liquid and vapor phase rea c tio n s . The liquid o r vapor re fe r re d  to the phase 

being re c irc u la te d  through a py rite  bed. He found that the oxidation ra te  

depended on oxygen concen tra tion . Vapor phase oxidation ra te s  seem ed  to 

in c re a se  with te m p e ra tu re , but K im  a ttrib u ted  th is  in c re a se  to the In c re ase  

in hum idity .

M orth (24) a lso  worked with liquid and vapor phase re a c tio n s . He found 

th a t oxidation ra te  doubled w ith 10 °C  in c re a se  in te m p e ra tu re . He observed  

th a t vapo r phase oxidation in c reased  with hum idity , and th a t a t  100 p e r cen t 

re la tiv e  hum idity , the vapor phase ra te  is  the sam e a s  the liquid phase ox i­

dation  r a te .  M orth suggested  that w a te r is  both a re a c ta n t and a rea c tio n  

m edium .

Ju tte ( lS )  studied the influence of oxygen concen tra tion  of the oxidation 

ra te . The re la tiv e  oxygen concen tra tion  w as con tro lled  by applying n itrogen  

p re s s u re  on a liquid phase oxidation. The oxidation ra te  d e c rea se d  w ith in­

c re a s in g  p re s su re . T his re s u lt  led to the conclusion  th a t th e re  was 

com petition  betw een n itro g en  and oxygen fo r  a " reac tiv e  s i te .  "  The concept 

of a " re a c tiv e  s i te "  has led re s e a rc h  into the a re a  of the  ac tual reac tio n  

m echan ism  in  addition to  the k in e tics  o r  ra te  of reac tio n .
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E lec tro n  T ran sp o rt

S inger and Stum m  (34), Sm ith, Svanks, and Shum ate (39), Sm ith, Svanks, 

and Halko (38), Sasm ojo (29), and Grove (14) have studied the e le c tro n  t r a n s ­

port m echan ism s of iron  pyrite  oxidation. S inger and Stumm (34) investigated  

the liquid phase oxygenation of fe r ro u s  ions and the hyd ro ly sis  of the resu ltin g  

f e r r ic  ion. They found th a t su lfa te  ions re ta rd e d  the ra te  of fe r ro u s  ion 

oxidation, and th a t high su rface  a re a  m a te r ia ls  such  as alum ina cata lyzed  

the oxidation. They concluded th a t f e r r ic  ion could not e x is t in con tac t with 

p y rite , and that the o v e ra ll ra te  of py rite  d isso lu tion  is  independent of the 

su rfa ce  s tru c tu re  of the p y rite . F ina lly , S inger and Stum m  concluded that 

the oxidation ra te  con tro lling  s te p  is  the fe r ro u s  iro n  oxidation.

Sm ith, Svanks, and Shumate (39) studied the anaerob ic  (oxygen free )  oxi­

dation  of py rite  using  f e r r ic  ion as the oxidant. W orking with v a rio u s ra tio s  

of f e r r ic  and fe r ro u s  ions, Smith e t  a l. concluded th a t the oxidizing sp ec ies  

is  a su rfa ce  adsorbed  f e r r ic  ion. The ra te  co n tro lling  s te p  is  the su rface  

t ra n s fe r  of e le c tro n s . It was a lso  suggested  tha t aerob ic  (oxygen) and f e r r ic  

ion oxidations follow  d iffe ren t rea c tio n  paths. In a continuation of the above 

study, Sm ith, Svanks, and Halko (38) rep o rte d  tha t the aero b ic  oxidation ra te  

w as a function  only of the oxygen concen tra tion  a t the rea c tiv e  s i te . However, 

the f e r r ic  ion oxidation ra te  was dependent on the f e r r ic - f e r ro u s  ra tio  and 

the  to ta l iro n  co ncen tra tion  in so lu tion .

Sasm ojo (29) studied the k in e tics  of both aero b ic  and f e r r ic  ion oxidation 

and a ttem pted  to d e te rm in e  if th e re  was an Interdependence betw een the two 

rea c tio n s . He com pared  th e 'a e ro b ic  oxidation ra te  In the p resen ce  and 

absence  of f e r ro u s  ions in  solution and found no d ifference . Then using



iden tica l to ta l iro n  concen tra tion , f e r r ic - f e r ro u s  ra t io s , and pH, Sasm ojo 

m easu red  the f e r r ic  ion oxidation ra te . This ra te  was about o n e -th ird  of the 

aero b ic  oxidation r a te .  He concluded tha t the ra te  of py rite  oxidation by 

oxygen is  not con tro lled  by the oxidation reac tio n  of fe r ro u s  to f e r r ic  ion in 

so lu tion . Sasm ojo studied f e r r ic  ion oxidation a t vary ing  f e r r ic - f e r ro u s  

ra tio s  and to ta l iro n  co ncen tra tions. At constan t to ta l iro n  concen tra tion , 

the ra te  in c reased  with f e r r ic - f e r ro u s  ra tio , and a t constan t f e r r ic  concen­

tra tio n , the r a te  in c reased  with d e c rea s in g  fe rro u s  concen tra tion . F rom  

th is , he concluded not only tha t f e r r ic  ions in c reased  the oxidation ra te , but 

th a t fe r ro u s  ions had an inhibiting effect.

Grove (14) a lso  investigated f e r r ic  ion oxidation and the e ffec ts  of the 

f e r r ic - f e r ro u s  ra t io . He found th a t the r e a l  v a riab le  w as the f re e  f e r r ic -  

fe r ro u s  ra tio . He defined fre e  ions a s  those which w ere  not com plexed nor 

a sso c ia ted  w ith the solution an ions in any m anner. He developed a se t of 

equations to  e s tim a te  the effects of anions on the f re e  f e r r ic - f e r ro u s  ra tio .

Sm ith and Shum ate (27) in a fin a l p ro jec t re p o r t  have su m m arized  and put 

in p ro p er p e rsp ec tiv e  the va rious py rite  oxidation s tu d ies  perfo rm ed  a t Ohio 

S tate U niversity . The tim e in te rv a l covered  includes the w ork of B irle  

through that of Sasm ojo. The re p o r t  is  p a rtic u la rly  sign ifican t s ince  i t  is  a 

unified p resen ta tio n  of in form ation  fro m  d iffe ren t app roaches to the problem  

of defining the su lfide  to su lfa te  ra c tio n  m echanism .

M icrobio logical Oxidation

M icrobiology has been ano ther a re a  of lab o ra to ry  sca le  investigations. 

B a c te ria , such a s  F e rro b ac illu s  ferroox idans, enhance the r a te  of pyrite



oxidation. L orenz and T arp ley  (21) and Konecik (17) rep o rted  ten  to fifty 

fold in c re a se s  when these  b ac te ria  w ere added to py ritic  sy s te m s. B ailey (2) 

found that b a c te ria  in c reased  the oxidation ra te , but only a fte r  70 to 80 per 

cen t of the iron  in the reac tio n  m edium  had been  oxidized to the f e r r ic  s ta te .

Dugan and Lundgren (12) investigated  the m etabo lism  of F e rro b ac illu s  

fe rro o x id an s, The o rg an ism s w ere found to use  the oxidation of fe r ro u s  to 

f e r r ic  ions as th e ir  energy so u rce . Hence, the b a c te r ia l enhancem ent of 

oxidation ra te  a r is e s  fro m  the in c re a se  in f e r r ic  ions during F . fe rro o x id an s 

m etabolism .

Lau, Shum ate, and Smith (19) stud ied  the ro le  of b ac te ria  in the k inetics 

of pyrite  oxidation. They studied the grow th of F e rro b ac illu s  sp ec ie s  in a 

m edium  w here py rite  was the only so u rce  of reduced iron . The b a c te r ia  

m ultip lied  and in c reased  the ra te  of py rite  oxidation by m aintaining a high (in 

e x ce ss  of six) f e r r ic - f e r r o u s  ra tio  in the  so lu tion  around the py rite . Lau e t a l. 

noted the influence of the w a te r-p y rite  ra tio  on the ra te  of oxidation. F o r low 

ra tio s , the oxidation ra te  was lim ited  by the num ber of b ac te ria  in the w ater 

while a t high ra tio s  th e re  w ere e x ce ss  b a c te ria  and the pyrite  su rface  a re a  

influenced the reac tio n  ra te . They suggested  that b a c te r ia l  c a ta ly s is  is  much 

m ore  likely a t the su rface  of a p y ritic  sy s te m  such a s  a re fu se  p ile  than  in an  

underground m ine environm ent. T his is  a ttrib u ted  to the fac t tha t oxygen is  

the  u ltim ate  e le c tro n  accep to r and m ust be read ily  availab le  fo r b a c te r ia l  

activ ity  to occu r.

G eological Studies
#

Since acid m ine d ra inage  c a u se s  s tre a m  d e te r io ra tio n  not in a lab o ra to ry ,
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but in  th e  re a l w orld , s tud ies  In the e a r th  sc ien c es , geology, hydrology, and 

m ineralogy , a re  a s  im portan t a s  labo ra to ry  investiga tions. In such s tu d ies , 

py rite  is  not iso la ted  but is  d istribu ted  in a b inder such as coal o r  sha le .

C aru cc io  and P a riz e k  (8) and C aruccio  (7) have conducted ex tensive in­

vestiga tions of geologic fa c to rs  in acid m ine d rainage  around C lea rfie ld , 

Pennsy lvan ia . Two locations w ere  com pared , one having acid ic  s t r ip  mine 

d ra in a g e , the o th er non-acid ic  d ra in ag e . C aruccio  and P a r iz e k  conducted 

leach ing  s tu d ies  to d e te rm in e  if the acid  potential of a coal could be re la te d  

to  its  su lfu r  conten t. While in c reased  su lfu r led to g re a te r  ac id ity , th is  

fac to r  did  not explain d ra inage  d iffe ren ces of the observed  a re a .

C arucc io  (7) found that f in e r  pyrite  g ra in s  led to h igher ac id ic  activ ity .

He a lso  suggested  that sh a le s  may g en era te  m ore acid  than coal b in d ers .

Coal is  re la tiv e ly  " tigh t"  and se a ls  the py rite  f ro m  the a tm o sp h ere  while the 

re la tiv e ly  perm eab le  sha le  p e rm its  oxidation of the enclosed  p y rite . F ina l­

ly , C aru cc io  noted that if the ground w a te r in a m ining a re a  con ta ins ca lc ium  

carb o n a te , a lkalin ity  w ill develop to co u n te rac t acid ity . T hus, even  if acid ic  

oxidation is  o c cu rrin g , the net effluent w ill not be acid ic .

V im m ersted t and S tru th e rs  (43) stud ied  the w eathering  of spo ils  m a te ria l 

f ro m  Ohio s t r ip  m ines. They packed the sp o ils  into colum ns and exposed 

th ese  to  n a tu ra l w eather conditions. The leachate  leaving the bottom s of the 

colum ns was co llec ted  and analyzed fo r  soluble s a l ts ,  su lfa te , and various 

c a tio n s . The in v es tig a to rs  found tha t the am ount of leacha te  and weight of 

s a lts  follow ed the annual ra in fa ll p a tte rn . Through re g re s s io n  an a ly sis  it 

w as a lso  de te rm ined  tha t th e re  was an o v e ra ll d e c re a se  w ith tim e  in the 

w eight of s a l ts  leached . T his sim ply ind icated  th a t the p y rite  in the  sam p les
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w as being consum ed.

Several investigations have checked the e ffec ts  of coal m ining on the 

hydrology of an en tire  w ater shed. C orbett (10) and Agnew and C orbe tt (1) 

have studied the hydrology and c h em is try  of coal m ine d ra inage  in Indiana.

Si p a rticu la r, they w ere  concerned  with flushouts during  s to rm s  in s t r ip  

m ined a re a s . C orbett observed  that the re fu se  p iles acted  a s  aq u ife rs  to 

s to re  w ater du ring  s to rm s . The s to red  w ater would then be re le a se d  g rad ­

ually  during d ry  w eather. On the average , about 30 per cent of a given 

s to rm  was re ta in ed  in the heavily mined a re a s  a s  opposed to 15 p e r cen t r e ­

ten tion  in le s s  m ined reg io n s . The peak s tre a m  flow during the s to rm  was 

a lso  considerab ly  le s s  in the s trip p ed  a re a . C orbett did observe  tha t if the 

re fu se  p iles w ere a lread y  sa tu ra ted  o r  if th e re  had been heavy com paction 

'd u r in g  grad ing  of the mined a re a s ,  the su rface  runoff would be enhanced 

re la tiv e  to undisturbed land.

Agnew and C orbe tt (1) em phasized  the need fo r  continuous data  when 

studying flushouts and n a tu ra l sy s te m s . Peak  flows o ccu rred  over a period 

of hours r a th e r  than days. The flushouts in c reased  (he co ncen tra tion  of 

d e le te rio u s ions (su lfate , h a rd n e ss , ac id ity , and iron) in the rece iv ing  

s tre a m s  fro m  30 to 1000 per cen t o v e r no rm al lev e ls . T hese ^concentrations 

in c reased  a t the s ta r t  of the  s to rm  and rem ained  high even a fte r  flow s had 

reced ed . Agnew and C orbett a lso  suggested  that som e standard  m ethod of 

rep o rtin g  acid ity  be de te rm ined . hi p a r tic u la r , it  seem ed that both "ac id i­

ty "  and "a lka lin ity "  should be rep o rte d  ra th e r  than  ju s t a net ac id ity . A 

num ber of o th e r questions w ere  ra is e d  about the analy is of m ine w a te rs .
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The investigations d iscu ssed  to th is  point can be considered  no m ore  than 

a sam pling  of the to ta l acid  mine d ra inage  li te ra tu re . They a re  typical of 

the vary ing  points of view  which m ust be considered  in  any m odel of p y ritic  

sy s te m s . Although m ethods and in te rp re ta tio n  of re s u l ts  may v ary , in v es ti­

g a to rs  have well defined the k inetics of iro n  pyrite  oxidation.

F ro m  the e a r ly  investigations by Li and P a r r  (20) to m ore  rec en t w ork 

such a s  that by K im  (16), M orth (24), Ju tte  (15), and M orth and Smith (25), 

the im portance of oxygen has been s t ie s s e d  as would be expected in an oxi­

dation  reac tio n . In k inetic  te rm s , the  oxidation ra te  is  frac tio n a l o rd e r  with 

r e s p e c t  to oxygen concen tra tion . Ju tte  estim ated  the dependency a s  th re e -  

fo u rth s pow er. O ver the norm al range  of a tm ospheric  concen tra tions th is  

can  be taken a s  a l in e a r  (o r f i r s t  o rd e r  ) dependence.

The ra te  of py rite  oxidation has been shown to depend m ore on the pyrite  

su rfa c e  availab le than on the abso lu te  w eight of py rite  p re sen t. S tiles  (41) 

cam e to  th is  conclusion  fo r  co n cen tra ted , c ru sh ed , s ieved  py ritic  m a te r ia l. 

C aru cc io  and P a riz e k  (8) observed  a s im ila r  dependence fo r  pyrite  s t i l l  em ­

bedded in coal. T h e ir  o b se rv a tio n  w as based  on a qua lita tive  e s tim a te  of the 

fin en ess  of py rite  g ra in s  ra th e r  than  on exac t m easu rem en ts .

As the s to ich io m etric  chem ical rea c tio n  equation (Equation 2-1) showed, 

w a te r  is  a lso  a p a rt of the  py rite  oxidation  reac tio n  sy s te m . Kim  (16) and 

M orth  (24) investigated  the  influence of w a te r on the oxidation ra te . In liquid 

phase reac tio n s , w a te r w as p re sen t in e x cess  and did not e n te r  the oxidation 

r a te  equation. It w as only in 'v ap o r phase reac tio n s  w here hum idity could be 

v a rie d  that w a te r co n cen tra tio n  appeared  to influence r a te s .  No specific
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re a so n  fo r th is  influence was put fo rth  until investigations of the ac tu a l r e ­

action  m echanism  w ere  undertaken . The m echanism  stud ies  led to the 

conclusion  that w a te r w as n e c e ssa ry  an an oxidation product d isso lu tion  med­

ium . The influence of hum idity w as then  re la ted  to how much of the py rite  

su rfa ce  contained adso rbed  w ater and was availab le  a s  a reac tio n  zone.

H ence, fo r the ra te  lim iting  s tep , the basic  function of w a te r is  to provide a 

m eans fo r  the rem oval of oxidation p roducts.

The de term ina tion  of the oxidation m echanism  involved not only ch em is ts  

bu t a lso  geochem ists and m ic ro b io lo g is ts . H ere d iffe ren ces in philosophy 

and technique tended to cause  d ivergen t in te rp re ta tio n s  of s im ila r  ex p erim en ­

ta l d a ta . S inger and Stum m  (34) in th e ir  s tud ies  of liquid phase oxygenation 

of fe r ro u s  ions and d isso lu tion  of p y rite , concluded th a t f e r r ic  ions could not 

e x is t in contact with py rite . They a lso  sta ted  th a t the  f e r r ic  ion was the only 

ac tu a l oxidizing agent even though oxygen m ight be the u ltim ate  e le c tro n  

acc ep to r. The f i r s t  conclusion  perhaps is  based  on a therm odynam ic ap­

p roach  w here infin ite  tim e  is  allow ed fo r  a reac tio n  to .reach  equ ilib rium  

ra th e r  than on a k inetic  approach w here  concen tra tions a re  considered  a s  

functions of tim e . T here  is  s tro n g  evidence to  c o n trad ic t the conclusion  that 

f e r r ic  ions in so lu tion  a re  the  only sp ec ie s  capable of d ire c tly  oxidizing 

p y rite . M orth (24), in  studying liquid phase oxidation, placed an A m berlite  

IR A -120 ion exchange re s in  bed in  s e r ie s  with the p y rite  bed in a re c irc u ­

la tin g  so lu tion . No iro n  w as found in  th is  so lu tion  using ortho-phenan th ro line  

sp ec tro p h o to m etric  an a ly sis . H ow ever, the oxidation r a te ,  a s m easu red  by 

oxygen consum ption, w as the sam e a s  in ru n s  w here iro n  concen tra tions 

w ere  at the 1000 p a r ts  p e r  m illion  leve l.
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Sm ith , Svanks, and Halko (38) a lso  refu ted  Singer and Stum m  by showing 

tha t th e re  a re  p a ra lle l oxidation m echan ism s whereby oxygen and f e r r ic  ions 

sim ultaneously  and independently oxidize p y rite . In addition , Sasm ojo (29) 

showed a d ire c t su rface  reac tio n  of py rite  with adsorbed  oxygen. F inally , 

a s  a p ra c tic a l m a tte r , in a re a l sy s tem  th e re  is  no re c irc u la tio n  of iro n - 

containing w ater over the p y rite . In experim en ta l w ork, iron-con tain ing  

so lu tions w ere  contacted with p y rite , and the reduced iro n  then reox id ized  to  

the f e r r ic  s ta te  a f te r  re tu rn in g  to the bulk so lu tion . In n a tu re , the only way 

that the reduced  iron  can  leave the oxidation s ite  is  by g rav ity  flow. If the 

w ater flow is away fro m  the oxidation s i te , it  is  im probable th a t the iron  

ions, when reox id ized , r e tu rn  to the p y ritic  su rface . T h is is  not to deny the 

possib ility  tha t d rainage  fro m  one m ine could com e in con tact with pyritic  

m a te ria l in  a low er e levation  mine.

Sm ith and Shumate (27) in d iscu ssin g  the two m echan ism s of pyrite  oxida­

tion s ta ted  that at low f e r r ic - f e r ro u s  r a t io s ,  oxygen oxidation is  dom inant.

A s the ra tio  in c re a se s , the re la tiv e  im portance  of f e r r ic  ion oxidation in ­

c re a s e s  until a t ra tio s  in e x ce ss  of five, f e r r ic  oxidation is  dom inant. In a 

n a tu ra l sy s tem , the only way to reach  th is  ra tio  Is through F e rro b ac illu s  

sp e c ie s  oxidation of fe r ro u s  to f e r r ic  ions, s ince  a t a pH of two o r  th re e , 

the r a te  of oxygenation of fe r ro u s  to f e r r ic  ions is  too slow  to m ain tain  a 

high f e r r i c  concentra tion  in solution. T his req u irem en t of b a c te r ia l a s s i s t ­

ance is  in acco rd  w ith B a iley 's  (2) o bserva tion  that in a lab o ra to ry  oxidation 

sy s te m  containing F e rro b a c illu s  sp e c ie s , the py rite  oxidation ra te  in c re ased  

only a f te r  the b ac te ria  had oxidized 70 to  80 per cen t of the iron  in the rea c tio n  

m edium  to the f e r r ic  s ta te .



While lab o ra to ry  investigations w ere  concerned with d e ta iled  exam ination  

of the oxidation reac tio n , th e re  have been  few detailed  s tu d ies  of what happens 

once oxidation products have been fo rm ed . T here  is  a m iddle ground such 

a s  that taken  by V im m ersted t and S tru th e rs  (43) who worked with spo ils  m a­

te r ia l .  They observed  tha t trick lin g  flow such as that produced by ra in fa ll 

rem oves oxidation p roducts. T his sam e observation  has been m ade by n early  

everyone who was concerned  by acid flushouts a f te r  heavy s to rm s . O verall, 

no g re a t  e ffo rt has been expended in defining the exact m echan ism  whereby 

acid  products move fro m  the reac tio n  s ite  to  the receiv ing  s tre a m .

F ie ld  s tu d ies  have em phasized  that neu tra liza tion  by n a tu ra lly -o c c u rrin g  

a lka lin ity  is  a s  Im portan t a s  the fo rm ation  of acid. C aruccio  and P a riz e k  (8) 

and Agnew and C orbe tt (1) rep o rted  that ca lc iu m  and m agnesium  carb o n a tes  

n e u tra liz e  ac id ic  d rainage. The d ifficu lty  a r is e s  in defining how much acid 

w as o rig in a lly  produced a t the sou rce . Should ju s t su lfu ric  acid  be included 

o r  should the acid ity  of m etallic  su lfa tes such  as fe r ro u s  o r  f e r r ic  su lfa te  

a lso  be c o n s id e re d ?  Sulfuric acid is  im portan t because of b iological e ffec ts , 

but to ta l ac id ity  d e te rm in es  the co st of tre a tm e n t. Most an a ly tica l tech ­

n iques d e te rm in e  the to ta l acidity  by hot t i tra tio n  to a phenolphthalein end 

point. Agnew and C orbe tt (1) a lso  observed  that if the acid  equivalent of 

h a rd n e ss  was added to  the value of m easu red  acidity in th e ir  sa m p le s , the 

su m  was quite  c lo se  to  the su lfa te  level. The im plication  of th is  equality  is  

th a t h a rd n e ss  i s  ind icative of n eu tra lized  ac id ity . The only shortcom ing  of 

a ll  th ese  ca lcu la tio n s is  th a t none considered  the e ffec ts  of p rec ip ita tio n  of 

iro n  hydroxy su lfa te s  o r  o th e r  m etallic  su lfa te s . The m ain  conclusion  th a t 

c an  be draw n i s  tha t n a tu ra l a lka lin ity  of ground w ater should be considered



16

and that h a rd n e ss  m ay be taken a s  a good e s tim a te  of the a lkalin ity  which 

had been availab le .

Model O rien ted  Studies

While m uch has been w riten  in the a re a  of acid  m ine d ra in ag e , th e re  a re  a 

num ber of s tu d ies  of p a rtic u la r  im portance  in the developm ent of a m athem at­

ica l m odel of a py ritic  sy stem .

Smith (36) laid the b a s is  fo r the developm ent of such  a model by d iscu ssin g  

the eng ineering  a sp ec ts  of acid m ine d ra in ag e . In p a rtic u la r , he showed how 

basic  lab o ra to ry  ra te  data  and " f ir s t  p rin c ip le s"  of eng ineering  could be used 

to e s tim a te  acid  m ine d rainage  d isch a rg e  ra te s .

B asic  C oncepts of Model:

A m athem atica l m odel of p y ritic  sy s te m s  was f i r s t  suggested  by Shum ate, 

Smith and B ran t (33) in 1969. They ex p re ssed  the be lief that a m odel would 

g rea tly  reduce  the tim e  and expense of studying acid  m ine d ra inage . They 

d escribed  p y rite  oxidation within the fram ew ork  of a b asic  eng ineering  

sy s tem  in the hope of stim u la ting  c r i t ic a l  d iscu ssio n . Shumate e t a l . su m ­

m arized  five c h a ra c te r is t ic s  com m on to  a ll py rite  sy s te m s  which m ust be 

considered  in any m odel:

1. The oxidation is  a he terogeneous rea c tio n  involving 

c ry s ta llin e  py rite  w ith oxygen in w a te r . The environm ent 

a t the  reac tio n  s ite  d e te rm in e s  the reac tio n  k in e tics .

2. Oxygen tra n s p o r t  is  in the gas phase.

3. I ^ r i t e  exposed to a v.apor phase w ill oxidize a t  a ra te  

s im ila r  to  py rite  in w a te r, provided the  re la tiv e  hum idity 

is  n e a r  100 p e r cen t.
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4. Rem oval of oxidation products has no influence on the ra te  

of oxidation.

5 . Jh g en era l, the reac tio n  does not o ccu r on the bulk 

su rface , but on py rite  em bedded in a porous s tru c tu re .

These five c r i te r ia  a re  lit t le  m ore than re s ta te m e n ts  of the re s e a rc h  

re s u l ts  a lread y  d isc u sse d . H ow ever, they a re  indicative of the o rd e rly , 

log ical approach  which m ust be used in the developm ent of a m athem atica l 

m odel of a py ritic  sy s tem . Shumate e t a l . a lso  suggested  m ethods of re la tin g  

r a te s  of oxidation, and acid  re le a s e , to sy s tem  c h a ra c te r is t ic s . The th ru s t 

of the suggestions w as to t r e a t  a p y ritic  sy s te m  a s  the sum  of m any m ic ro ­

sy s te m s .

M cD aniels R esearch  Com plex:

T here  have been two m ajo r investigations of n a tu ra l sy s te m s by w o rk ers  

a t Ohio State U niversity . The developm ent of a n a tu ra l lab o ra to ry  by Shu­

m ate and Sm ith (31) and the  study of a re fu se  p ile  by Good (13) have fu rn ished  

m uch of the in fo rm ation  fo r  developm ent of a m athem atica l m odel.

Shum ate and Sm ith have developed the M cDaniels R esearch  Com plex in 

Vinton County in so u th e as te rn  Ohio. The com plex , ad m in is te red  by Ohio 

State U n iversity , includes the M cD aniels T e s t Mine and s ix  experim en ta l 

a u g e r h o les . The m ine i s  located in the ex tensively  m ined upper rea ch e s  

of Sandy Run inBrow n Township in the Middle K ittanning (No. 6) coal bed. 

M oulton (24) has d e sc rib ed  the geology of the a re a  a s  follow s:

T here  is  a d iscontinuous shale  lay e r overly ing  the coal, but a 
shaly  sandstone is  p re se n t m ost frequen tly . The sandstone , though 
shaly  o r  s ilty  a t the base  g rad es  upward into a m assiv e , m edium  
g ra ined , w ell cem ented  ro ck . . . . The sandstone  o v e r the M iddle 
K ittam .ing coal bed is  about 40 fee t th ick , and a t i ts  top th e re  is  a
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th in  sta ined  zone which ind icates the ho rizon  of the  Low er F re e p o r t  
c o a l. . . . The g en era l c h a ra c te r  of the  rem ain ing  upper p a rt of the 
geologic sec tio n  is  of sandstone o r  s i l t  com position , with exception 
of m o re  o r  le s s  m inor o c cu rren c es  of sh a le , lim estone , and th in  
c lay  and coal beds.

In se lec tin g  a m ine su itab le  fo r field  r e s e a rc h , in v es tig a to rs  exam ined 

fou r m ines in the Sandy Run a re a . The M cD aniels Mine w as se lec ted  be­

cau se  i t  b e s t m et the follow ing four c r i te r ia :

1. It w as physically  sep a ra ted  fro m  a ll o th er m ines.

2. T h ere  was only one opening to be sea led .

3. The s tr a ta  n e a r  the opening w ere  sound so that a tigh t

s e a l  could be construc ted .

4. The m ine produced a sign ifican t quantity  of acid  m ine w ater. 

M cDaniels Mine was a lso  re la tiv e ly  sm a ll and in a good s ta te  of re p a ir .

The te s t  m ine is  a sm a ll d r if t  m ine extending 35 to 40 fee t into the h ill­

s id e . The re fu se  and o th er m a te ria l le ft d u rin g  m ining was rem oved . A 

co n c re te  se a l w as placed on the only en tran ce  to the m ine. The se a l con ta ins 

sam pling  p o rts  and connections fo r in jecting  g ases  fo r  con tro lling  the  a tm o s­

phere  in  the  m ine. The geology and hydrology of the m ine was d e te rm in ed . 

Six o b se rv a tio n  w ells w ere  d r ille d  in the h ills id e  above the m ine.

The m ost im p o rtan t a sp ec t of the te s t  m ine w ork h as  been the continued 

period ic  m ea su re m e n ts  of d ra inage  flow ra te s  and chem ica l a n a ly se s  fo r  over 

five y e a r s .  The data  a re  im portan t both b ecau se  of th e ir  frequency  and be­

cau se  they  re p re se n t a re la tiv e ly  w ell-defined  sy s tem . B esides co llec ting  

d a ta , Shum ate and Sm ith have attem pted  to u se  the m ine a s  one would u se  a 

ch em ica l eng ineering  p ilo t plant to  p e rfo rm  ex p erim en ts .

The m ain  v a riab le  availab le  fo r  experim en ta tion  w as the a tm o sp h ere



19

with in  the  m ine. Since the m ine is  located in  a " tig h t"  geologic fo rm ation  

and has only one m an-m ade opening* the in itia l te s t  w as sim p ly  to  put a sea l 

a t  the e n tra n ce . With a se a l, the oxygen concen tra tion  in the m ine a tm o s­

p here  dropped to  10 p e r cen t, but no low er. This behav io r, which has been 

o bserved  in a num ber of o th e r "sea led "  m ines, has been a ttrib u ted  to 

"b rea th ing . "  "B rea th in g "  is  the pushing and pulling of a i r  th rough  the fine 

channels in the  overburden  by a tm ospheric  p re s s u re  v a ria tio n s . To coun te r­

ac t b rea th in g , positive  a tm o sp h eric  con tro l was m aintained by in jecting  g ases  

in to  the m ine to  m aintain  a s lig h t positive p re s su re  re la tiv e  to  the outside 

a tm o sp h e re . The g ases  th a t have been in jected  include oxygen, n itrogen , 

and a i r .  The oxygen was added to r a is e  the oxygen leve l. The n itro g en  was 

added to  m in im ize  the oxygen lev e l, and a i r  w as in jected  to hold a constan t 

21 p e r  c e n t oxygen level.

The expectation  of the in v es tig a to rs  was th a t the re s u l ts  of a change in 

the a tm o sp h ere  would becom e apparen t in one o r  two m onths. T his hypothe­

s i s  was based  on the assum ption  that oxidation w as o c c u rrin g  c lo se  to w ater 

flow channels and that p roducts w ere  w ashed out soon a f te r  fo rm atio n . It 

w as only a f te r  6 to  8 month delays th a t an tic ipated  acid  load changes o c cu rred . 

T h is re sp o n se  lag  indicated th a t oxidation w as o c c u rr in g  in a re a s  away fro m  

n o rm al flow channe ls . P roduc t in unleached volum es would only be rem oved 

by g rav ity  d iffusion  as d e sc rib ed  in C hap ter IV. Hence, no changes in acid 

rem oval would be noted until the  p rev iously  accum ulated  oxidation products 

had been rem oved  fro m  the sy s te m . In light of th is  conclusion , the m ost 

re c e n t ex p e rim en t, addition of n itrogen  to  m ain tain  a s ligh t positive  p re s su re  

of n itro g en  a t a ll t im e s , has been in  p ro g re ss  s ince  the  m iddle of 1969, over

»
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a y e a r  ago a t th is  w riting . One of the  b e s t checks of any m odel th a t is  de­

veloped is  tha t it w ilt show a long lag  tim e  s im ila r  to the  observa tions a t the  

M cD aniels T es t M ine. In o th e r ex p erim en ts , the pe rm eab ility  of the o v e r­

burden  was e s tim a ted , and c o re  d r i l l  sam p les w ere  taken fro m  behind the 

exposed coal fac e s . T hese c o re s  showed that py rite  oxidation had o c cu rred  

a s  much a s  fifty  fee t into the coal away fro m  the bulk a tm o sp h ere .

Six ex p erim en ta l auger ho les w ere  d rilled  in the sam e coal se am  a s  the 

M cD aniels T es t Mine, but on the o th er s ide  of the valley . The flow ra te  and 

d ra inage  c h a ra c te r is t ic s  fro m  th ese  ho les have been m onitored  since  they 

w ere  d rilled  in the su m m er of 1969. The m ost notable observation  has been 

the change fro m  alkaline to acid ic  d isc h a rg e s . The change is  a sign  of in­

c re a s in g  acid production ra th e r  than a d e c re a se  in the  n a tu ra l a lka lin ity  of 

the ground w a te r. A num ber of e x p erim en ts  have been proposed and w ill be 

studied  as soon a s  r,base  lin e"  data a re  co llec ted . A publication d e sc rib in g  

a ll  of the re s e a rc h  a t the M cDaniels R esearch  Com plex is  being p rep a red  by 

Sm ith and Shum ate.(37)

In Situ Oxidation R ates:

L arez  (18) de te rm ined  the  oxidation r a te s  of p y rite  contained in n a tu ra l 

co a l and sh a le . He obtained b locks of coal and sha le  f ro m  the w alls  of A uger 

Hole N um ber 3 a t  the M cD aniels R e se a rch  S ite. The oxygen uptake ra te  of 

each  of the blocks was m easu red  in a W arburg-type  ap p a ra tu s . The oxygen 

consum ption fo r  sha le  w as about th re e  m ic ro g ram s p e r  hour p e r cubic cen ti­

m e te r  of so lid . F o r  the coal b in d e r, the uptake w as only one m ic ro g ram  

oxygen p e r  hour p e r  cubic c e n tim e te r . In eng ineering  u n its , th ese  r a te s  a re  

in the range  fro m  one-hundred th  to one-ten th  pound p e r  day p e r cubic foot
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so lid . This d iffe rence  In r a te s  was a ttrib u ted  to  the h igher py rite  content 

and g re a te r  porosity  of the sha le . Since the blocks used w ere only about a 

cen tim e te r in th ick n ess , the observed  ra te s  a re  probably the m axim um  pos­

s ib le  a t the o p era tin g  conditions used. T hese ra te s  can be used a s  boundary 

conditions in developing a m odel.

L arez  exposed the sam ple  b locks to ch lo rine  to  k ill any b a c te r ia  p resen t. 

T h is trea tm e n t had no influence on the sha le  block oxygen uptake r a te ,  and 

sligh tly  d e c rea se d  the coal r a te  to 0. 7 m ic ro g ram s per hour p e r  cubic 

cen tim e te r so lid . T hese  re s u l ts  prove nothing concerning  the e ffec t of bac­

te r ia  on acid production and may only indicate  the to ta l absence of b a c te r ia . 

R efuse P ile s :

Good (13) has investigated  ac id ic  d ra inage  fro m  the re fu se  pile of the New 

K athleen Mine. T his m ine, n e a r  DuQuoin, Illin o is , w as opera ted  by the 

T ru a x -T ra e r  C oal Com pany. The pile c o v e rs  an a re a  of about 40 a c re s  and 

r i s e s  40 to 65 feet above the su rround ing  fa rm  land. The p ile  con ta ins about 

two m illion cubic y a rd s  of coal re fu se . Good d esc rib ed  the hydrology and 

oxidation c h a ra c te r is t ic s  of the re fu se  pile.

Oxidation appeared  to o ccu r in a 4 to 10 inch th ick  ou ter m antle . The 

c lay  w as w ashed out of th is  la y e r  by ra in fa ll to fo rm  a lay e r of c lay  ju s t 

beneath the o u te r  m antle . T his c lay  la y e r  was tigh tly  packed and about an 

Inch in th ick n ess . The la y e r  had low p erm eab ility , but th e re  w ere  c ra c k s  and 

c re v ic e s  w here w ater could e n te r  the  m ain p a rt of the  p ile . The c lay  lay e r 

did  se rv e  as an oxygen and w a te r b a r r i e r  over m ost of the p ile . The r e -
I1

m ainder of the  pile  showed l i t t le  evidence of oxidation.

The pile had s e v e ra l d is tin c t d ra inage  a re a s .  In stru m en ts  w ere  se t  up to
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m e a su re  the flow ra te  and w ater quality  f ro m  each  of these  a re a s .  T here  

w ere  a lso  a num ber of sp rin g s  around the  b ase  whose flow ra te s  w ere  m eas­

u red . T hese sp rin g s  w ere  fed by som e s o r t  of in te rna l s to ra g e  pool In the 

p ile . T es t w ells in the pile  confirm ed the  ex istence  of such a pool, but did 

not define its  exact n a tu re . This pool w as rech arg ed  by p rec ip ita tio n  and 

supp lied  a egnif lean t flow ra te  betw een s to rm s . Depending on the sec tion  of 

the  p ile , 40 to 75 p e r  cen t of the p rec ip ita tio n  was reco v ered  a s  su rfa ce  ru n ­

off. The runoff w as analyzed fo r  su lfa te  and acidity . G enera lly , th ese  w ere  

a t  a m axim um  concen tra tion  at the beginning of the s to rm , and ta iled  off as 

the  a c id ic  products w ere  rem oved.

Since the runoff data  had som e s c a t te r ,  Good developed a one-ten th  a c re  

ir r ig a tio n  sp rin k le r  p lot. P re c ip ita tio n  could be sim ula ted  by sp rink ling  

uncontam inated  w a te r on the plot a t any d e s ire d  ra te . Again, the drainage  

w as m easu red  and analyzed. Based on a ll d a ta , Good e s tim a ted  that about 

30 p e r  c en t of the w a te r f ro m  a given s to rm  en tered  the  p ile  and la te r  em erged  

via sp r in g s . The da ily  acid production w as estim ated  as 200 pounds p e r a c re .

B rown (5) studied  the tra n sp o rt of oxygen through la y e rs  of so il and m a te r­

ia l  f ro m  coal re fu se  p ile s . He a ttem pted  to model the tra n s p o r t , but he 

encoun tered  d ifficu lty  in estim ating  the  d iffusiv ity  of a i r  th rough  the  so il. 

B row n obtained lab o ra to ry  sca le  oxidation r a te s  fo r  m a te r ia l f ro m  the T ru ax - 

T r a e r  p ile  Good had stud ied . The sm a ll  sc a le  ra te s  c lo se ly  checked those 

ob tained  by Good.

The p ro jec ts  d iscu ssed  in th is sec tio n  have been o rien ted  tow ards devel­

oping in fo rm ation  about n a tu ra l pyrite  sy s te m s . The re s u l ts  have been in 

a c c o rd  w ith the rea c tio n  k in e tics  developed in labo ra to ry  investiga tions.



Although Sm ith and Shumate (37) and Good (13) fu rn ished  data  on acid  r e ­

m oval r a te s ,  no rem oval m echan ism s w ere suggested  and evaluated . This 

sub jec t of rem o v al m echan ism s and ra te s  is  one of the a re a s  w here in fo r­

m ation and th eo rie s  w ill be developed a s  the m odel is  construc ted .



CHAPTER m

EXPERIM ENTAL PROGRAM

While much experim en ta l in fo rm ation .is  availab le  on oxidation ra te s , 

no w ork has been done to d e te rm in e  rem oval r a te s .  To co u n te rac t th is  

defic iency , se v e ra l re la tiv e ly  s im p le  ex p erim en ts  have been perfo rm ed .

Acid Rem oval fro m  Iso la ted  Coal Blocks

Blocks of coal w ere iso la ted  fro m  the m ain seam  in A uger Hole Num ber 

2B a t the M cDaniels R e se a rch  Site. One foot sq u a re  b locks w ere  iso lated  

*by cutting  channels 6 to 12 inches deep  around the b locks, and then filling  

the channels with polyurethane foam . The foam  provides a b a r r i e r  to oxygen 

and w a te r vapor. The block is  exposed to the a tm osphere  only on the fron t 

face  and only to o ther coal on the r e a r  face . At the tim e  of the  foam ing,
p

P lex ig las  d ra inage  troughs w ere  placed in the ho rizon tal channels.

P e rio d ica lly , a t 4 to 8 w eek in te rv a ls , the faces  of the  b locks have been 

w ashed. One l i te r  of w a te r w as placed in a polyethylene squeeze  bottle  and 

the block was sp ray ed . The w ash w a te r was co llec ted  and re tu rn e d  to the 

lab o ra to ry  fo r an a ly sis . About 65 to 75 p e r cen t of the  w a te r w as reco v ered ; 

the rem a in d e r  was lo s t by sp lash ing . The reco v ered  w a te r w as assum ed to 

be the av erag e  com position , and a ll ca lcu la tio n s have been  based  on one 

l i te r  of w ash w ater.

24
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The w ash w a te r was analyzed fo r  ac id ity  by hot titra tio n  to the phenol- 

phthalein endpoint, and fo r  su lfa te  by b a riu m  su lfa te  p rec ip ita tion . The 

w ash w a te r was acid ified , and atom ic abso rp tion  spectropho tom etry  w as 

used to d e te rm in e  the iron  concen tra tion .

The acid ity  and su lfa te  a re  v irtua lly  iden tical since  the w ash w a te r con­

tained no a lka lin ity . The acid  rem oval r a te s  fo r a b lock  a re  shown in 

F igu re  1 a s  a function of tim e . A fter an in itia l peak a t the beginning of the 

te s t  in M arch , 1970, the r a te  fe ll off through the su m m er. In O ctober, the 

ra te  began to  r i s e  and reach ed  a peak in January , 1971. T his seaso n a l v a r i ­

ation c o rre sp o n d s  to the v a ria tio n  observed  by Sm ith and Shum ate (37) in the 

d ra inage  f ro m  the au g er ho les a t the M cDaniels R e se a rch  Site. T h is s im ila r ­

ity in d ica tes  th a t la rg e  sc a le  acid rem oval ra te s  can  be explained by m ic ro ­

sc a le  r a te  v a ria tio n s a s  in the case  of oxidation ra te  ca lcu la tio n s. A deta iled  

explanation  of rem oval m echan ism s and ra te s  w ill be p resen ted  in C hap ter IV.

R em oval R ates in High Humidity C ham ber

D uring the cu tting  of channels in the above ex p erim en t, s e v e ra l la rg e  

b locks of coal w ere  d islodged. Two b locks, about 1 x 2 x 4  inches in s iz e , 

w ere  placed in the  bottom  of a d e s ic c a to r . W ater, in stead  of d ry ing  agent, 

w as p laced  in the bottom  of the  d e s ic c a to r . With the n o rm al good se a l of the 

d e s ic c a to r , 100 p e r cen t re la tiv e  hum idity  w as m aintained  in the cham ber. 

P e rio d ic a lly , the lid w as rem oved  to renew  the oxygen supply.

Although the  b locks w ere  .sitting  above the  w a te r, they g radua lly  becam e 

wet, and occasionally  d ro p s  of w ater would fa ll back into the m ain body of 

w a te r. T h is ex p erim en t w as continued fo r  s e v e ra l m onths. At the
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conclusion  of the  run , the bottom s of the b locks w ere  rin se d  with d is tilled  

w a te r. This w a te r was added to the w a te r in the cham ber and analyzed in 

the  no rm al m anner fo r ac id ity , su lfa te , and fe r ro u s  and f e r r ic  iro n .

D uring the  f i r s t  te s t  of 196 days length, the acid  rem oval ra te  fo r  both 

b locks w as 14.4 m illig ra m s p e r day, the su lfa te  rem oval was 2 .4  m illig ram s 

p e r  day, and the iron  ra te  was 3 .3  m illig ra m s p e r day. The f e r r ic - f e r ro u s  

ra tio  was 1 .6 . When the te s t  was repeated  fo r  a 72 day period, the acid  r e ­

m oval r a te  w as 5. 5 m illig ra m s p e r day and the su lfa te  ra te  was 4. 2 . The 

iron  ra te  in c reased  to 13.1 m illig ra m s p e r day, w hile the f e r r ic - f e r ro u s  

r a t io  was only 0 .24 . T hese two s e ts  of data  have m uch s c a tte r ,  but they do 

give an o rd e r  of m agnitude e s tim a te  of the  ra te  of the  g rav ity  diffusion type 

of rem oval m echan ism  which w ill be p resen ted  in C hap ter IV.

The w eight of the  blocks was about 200 g ra m s . When a rem oval ra te  per 

day per g ram  of coal is  ca lcu la ted , values a re  in the range of 1 to  10 m ic ro ­

g ra m s per day. It i s  in te re s tin g  to  o bse rve  th a t Larez* (IS) e s tim a te s  of 

oxygen uptake by coal and sha le  sam p le s  fe ll in th is  sam e  range. T his 

ag reem en t is  p a rtic u la rly  sign ifican t since  th e re  h a s  been very  l i t t le  o th er 

experim en ta tion  w ith n a tu ra lly  o ccu rrin g  m a te r ia ls  reg a rd in g  oxidation and 

product rem oval r a te s .

Sulfate and A cidity A nalyses

In th e ir  w ork w ith acid  m ine d ra inage  in Indiana, Agnew and C o rb e tt (1) 

ra is e d  questions about m ethods of analyzing d ra in ag e . In p a rtic u la r , they 

observed  tha t c a lc iu m  and m agnesium  h a rd n e ss  (CaCO>3 and MjgCOg) should 

be considered  in d rainage  a n a ly se s . T h e ir  r e s u l ts  showed that the su m  of
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acid ity  plus h a rd n e ss , in c o n s is ten t u n its , w as equal to  the su lfa te .

To check th is  o b serva tion , sam p les  f ro m  M cDaniels Mine and the six  

auger hole m ines at the M cD aniels R e se a rch  Site w ere  taken in the usual 

m anner. A sm a ll portion  of the sam ple  was acid ified  to p reven t p rec ip i­

ta tion . The usual su lfa te  and acid ity  an a ly se s  w ere  run  on the bulk sam ple . 

A tom ic abso rp tion  spec tropho tom etry  w as used  to d e te rm in e  ca lc iu m  and 

m agnesium  in the  acid ified  sam p le s . The ac id ity , su lfa te , and ca lc ium  and 

m agnesium  data a re  tabu lated  in Table 1. The concen tra tion  of each  has 

been  converted  to an equivalent ca lc iu m  carbonate  b a s is  a s  is  usually  done 

fo r  the acid ity  d e te rm ina tion . The sum  of ac id ity  and h a rd n e ss  a re  in ex­

ce llen t ag reem en t w ith the su lfa te  va lues in a ll c a se s . T hese  re s u lts  a re  

in  acco rd  with the o b se rv a tio n s of Agnew and C orbett. (1)

C om m ents

T hese re la tiv e ly  sim p le  and crude  ex p erim en ts  have provided inform ation 

about the ra te  of product rem oval f ro m  a sm a ll volum e of coa l. T hese data , 

along w ith a ll of the oxidation in form ation , w ill be used in the  developm ent of 

a m odel of a p y ritic  sy s te m  in the follow ing c h a p te rs .

The ca lcu la tio n s involving w a te r h a rd n ess  have shown th a t the  alkalin ity  

of the rece iv in g  w a te rs  m ust be co n sid ered  in  ou r m odel.



TABLE 1 

DBA INA GE A NA LYSES DA TA

, Equivalent
Source Metal Ions, ppm CaC0 t ppm Acidity, ppm Total CaC0 3  Sulfate, ppm

p a te )  Ca Mg______Ca 3> Mg__________ CaC03_______ Equivalents________________ ___

McDaniels Mine 15 1U 36 40 72 146 133
(12-15-69)

McDaniels Mine 16 9 38 35 87 160 154
(8-6-70)

Auger Hole No. 1 70 22 168 87 265 520 533
(8-12-70)

Auger Hole No. 2A 118 57 290 225 1665 2180 2108
(8-12-70)

Auger Hole No. 2B 25 11 60 43 60 163 169
(8-12-70)

Auger Hole No. 3 107 23 126 91 270 497 491
(8-12-70)

Auger Hole No. 4 90 27 216 106 152 474 453
(8-12-70)

Auger Hole No. 5 81 22 194 87 225 506 525
(8-6-70)

Auger Hole No. 6 111 35 266 138 347 751 757
(8-6-70)



CHAPTER IV

THEORETICAL BASES OF A PYRITIC SYSTEM MODEL

"Iron pyrite  re a c ts  In the presence of oxygen and w ater to fo rm  iron  

sulfate and su lfu ric  acid. These products a re  rem oved and frequently  have 

de le te rious effects on the receiv ing  body of w ater. " The preceding ph rases  

a re  a verbal model of acid mine drainage. A m athem atical model of acid 

mine drainage s ta r ts  with the verbal model and p rec ise ly  quantifies and 

com putationally defines each event in the verbal m odel.

The item s to be quantified include how much oxygen re a c ts  with how much 

pyrite a t what ra te  in the p resence  of how much w a te r?  Additional questions 

include in  what m anner and how fast do the acidic products get to  the receiv ing  

w aters  ? These fac to rs  a s  w ell a s  o th ers  suggested by the previously d is ­

cussed  re se a rc h  investigations will be evaluated in the following sections.

T here a re  d ifferent kinds of pyritic  sy s tem s such a s  d rif t m ines, auger 

holes, deep m ines, and refuse  p iles. A single m odel capable of describ ing  

a ll of these  sy stem s would be cum bersom e and difficult to use . T herefo re , a 

model will be developed to d esc rib e  one p a rticu la r system . Suggestions and 

techniques fo r generalizing  the model to f it o ther sy s tem s w ill then be offered.

A d r if t  mine was se lec ted  fo r the in itial m odel. This sy stem  was chosen 

because Smith and Shumate (3 7 ) have obtained deta iled  and fundam ental in­

form ation about a d rif t m ine, and McDaniels T est Mine can  fu rn ish  a check
*

on the validity of the m odel. In addition, the auger holes a t the McDaniels

30
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R e se a rc h  Site will provide an opportunity  to  te s t  the g en era lity  of the in itia l 

m odel.

An acid  mine d rainage  sy s te m  has two m a j o r  su b sy stem s: 1) pyrite  

oxidation, and 2) oxidation product rem o v a l. Each of th ese  a re a s  w ill be 

d isc u sse d  se p a ra te ly . The oxidation p resen ta tio n , based  on experim en ta l 

and th e o re tic a l inform ation , is  app licab le  to a ll p y ritic  sy s te m s . The r e ­

m oval se c tio n  is  based  on g en era l knowledge, but has le s s  experim en ta l data 

to su p p o rt the  p resen ta tion  than does the oxidation d iscu ss io n .

D erivation  of Oxygen C oncentration  G radient

The reac tio n  m echanism  and the  k in e tics  of the oxidation of concen tra ted  

p y ritic  m a te ria l have been d esc rib ed  in the review  of p rev ious lab o ra to ry  

w ork . C e rta in  conclusions w ill be r e i te ra te d  to aid in the developm ent of the 

oxidation  m odel.

One ob serv a tio n  w as th a t the oxidation ra te  was p roportional to the oxygen 

c o n cen tra tio n . In the  mine env ironm ent it is  possib le  to  m easu re  a bulk oxy­

gen con cen tra tio n  in the m ain cav ity . However, th is  concen tra tion  is  only 

app licab le  to  oxidation o c cu rrin g  on exposed coal su rfa c e s . Since oxidation 

p roducts have been observed  along c leavage planes within coal away from  an 

exposed  fac e , oxidation obviously o c c u rs  w ell back in the  h ill .  T h ere fo re , 

som e m ethod of estim ating  oxygen concen tra tion  within the  py rite -con ta in ing  

m a te r ia l  m ust be developed. Since no d ire c t  analyses a re  read ily  availab le , 

a m ath em atica l an a ly sis  w ill be used .

The a n a ly s is  begins by assum ing  that oxidation o c cu rs  along the w alls of 

sm a ll channels in the coal o r  sh a le . The channel has c ro s s  sec tional a re a , A, 

and ex tends d is tan c e , L, into the b in d er. R eaction  o c c u rs  the length of the
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channel a t a ra te  p roportional to the oxygen concen tra tion , C „  . The ra te  

m ay a lso  he assum ed  so  slow that no oxygen g rad ien t e x is ts  a c ro s s  the a rea

A.

C onsider an e lem en t in the channel of AZ length as shown in the sketch  

below:

Z+AZ

The oxygen en te rin g  th is  volum e a t Z is  ANq ^  A9 w here Nqx pound m oles 

p e r  hour per sq u a re  foot and Ail is  the tim e  increm en t in h o u rs . The oxygen 

leaving  the volum e a t Z + AZ is  ANq ^  • The oxygen consum ed by

rea c tio n  is  AAZA0 w here is the reac tio n  ra te  constan t with units

•of re c ip ro c a l hours and is  the oxygen concen tra tion  in pound m oles p e r 

cubic foot of gas. The accum ulation of oxygen in the volum e is  AC -  A A Z. 

T hese  te rm s  can  be co llec ted  in the fo rm : input m inus output equals reac tio n  

plus accum ulation.

ANO* Z A® -  NQXZ+AZA<’ + k RCoxAAZAft
If a ll te rm s  a re  divided by A AZ AG, and the lim its  a re  taken as the d iffe ren ­

tia l e lem en ts approach  z e ro , the follow ing equation is  obtained:

f r  -  kRC° *  » « - i>
The oxygen concen tra tion  te rm , Cq ^ , can  be rep laced  by Xq ^C w here C is  

the  to ta l gas concen tra tion  in pound m oles p e r  cubic foot and X is  the m ole 

f ra c tio n  of oxygen in the  gas. I b i s  substitu tion  y ields the g en e ra l equation:

I t * '  kHXc* c  " (4- 2'

Equation 4 -2  is  a g en e ra l re la tio n sh ip  w hich can only be solved by m aking
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sp ec ific  assum ptions and substitu tions fo r  g iven s itu a tio n s . F o r  th is  analy­

s i s ,  it  i s  reasonab le  to a s su m e  th a t th e re  Is no tim e  dependence; an 

a ssu m p tio n  th a t will be v e rif ied  in the c o u rse  o f the an a ly sis . A second 

condition  fo r  the solution is  that an '^effective” d iffusiv ity , D, which is  inde­

pendent of position and concen tra tion  , be defined such that

N,-w = -  CD * x Ox . (4-3)
d Z

This condition  is  based on  the fac t that coal and shale  contain voids and 

channels  which a re  n e ith e r  s tra ig h t ncr un ifo rm . Because of the non-un ifo rm ­

ity o f th e  diffusion path, th e  norm al d is tin c tio n s of diffusion a re a ,  path length, 

and coun ter-d iffusion  becom e b lu rred . B ird , S tew art, and L ightfoot ( 3 )  have 

d isc u sse d  the concept of effective  d iffusiv ity  in d e ta il. They p resen ted  a s im ­

i la r  s itu a tio n  of the f i r s t  o rd e r  consum ption of a gas inside porous c a ta ly s t 

p e lle ts .

When the two m odifications a re  applied to Equation 4-2  and d e riv a tiv e s  

taken , th e  following equation  is  obtained:

CD d^Xpx „ k R x 0 x C ■ (4-4)
d Z*

T his m ay  be rea rran g ed  e a s ily  to give:

d2xOX _ k-ftXQ* 0 . (4-5)
d Z 2 D

The g e n e ra l solution to  E quation 4 -5  is :

Xo k  -  A exp ( ( kR  / D  )1/2 Z ) + B exp (-(  kR /  D )1 /2  Z ) (4-6)

The in te g ra tio n  constan ts m ay be evaluated by used of the two boundary

cond itions.

B. C . 1: At Z *= L , Xq x  *> 0. 0

B . C . 2: At Z *= 0 , ^ qk  b x QXq
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F ro m  B. C. 1> it  is  ap p aren t that A is  zero . Then, using  B. C . 2,

XOXQ-  B exp ( -  ( 0 ) ) -  B o r
1 / 2

XQx “  *Ox0 exP < -  < kR /  D > Z ) (4-7)

In the evaluation of the oxygen g rad ie n t, som e value m ust be assigned  to the 

effective d iffusiv ity . W orkers in so il m echanics (see  Brown ( 5 )  ) have sug­

gested  using D = 0 .6  w here  is  the no rm al oxygen in a i r  d iffusiv ity .

A nother so lu tion  to  Equation 4-2  may be developed by assum ing  th a t the 

a tm ospheric  p re s su re  v a rie s  a t the m outh of the channel. If the am bient 

p re s su re  in c re a s e s , a i r  containing 21 p e r cent oxygen w ill be pushed into the 

po re . If the ou tside  p re s su re  d e c re a se s , p a rt of the a ir  in the confined vol­

ume w ill be pulled out. T his is  now an unsteady s ta te  problem  which is  m ore 

e a s ily  handled by n u m erica l than  by analy tical so lu tion  techniques. One s im ­

plifying assum ption  is  th a t the p re s su re  a lte rn a te ly  in c re a se s  and d e c re a se s  

uniform ly with tim e , i . e . , a "saw tooth" function. As in the previous analy ti­

c a l developm ent, the effective d iffusivity  will be used to d e sc rib e  o th e r motion 

of the oxygen m olecu les. T hese asb -m p tio n s give fo r  the oxygen movem ent:

Nqv -  " D C  a x p x  + Xq x  ( N0 x  + NN ) (4-8)
I Z

The f i r s t  te rm  on the  rig h t hand side  of the equation is the m olecu lar diffusion 

of oxygen into the channel, and the  second te rm  is  the bulk flow of oxygen and 

n itrogen  being pushed and pulled by the p re s su re  v a ria tio n s .

A t a tm ospheric  p re s s u re  the m oles (A n) of an "Ideal" gas en te rin g  the 

channel m outh is  equal to  V /RT*P(© ), w here V is  the channel volum e, R is 

the  gas constan t, T  is  the  am bient te m p e ra tu re , and AP(9) is  the change in 

a tm ospheric  p re s s u re  a s  a function of tim e . When V is  rep laced  by A*L and 

the  e n tire  equation divided by a re a  to  convert to a flux, we obtain:
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A n / m j. m  ̂ A L A P(©)
T T  “  ( n ox + n n > -  a r t

■ (*-»)

Finally  it m ay be assum ed th a t effects of gas en tering  (or leav in g ) the chan­

nel a re  uniform ly re flec ted  o v e r the length of the  channel, i . e .  , each

increm en ta l volum e gains an additional l /V  m oles of g as. T h is in  te rm s  of 

the flux is:

+ NN>5 e  L  A P<e > 0 -  Z/L )  <4- 10)Ox •* ht>
<NO x + N N>Zte A P m  ( L - Z )  (4-11)

RT
Equation 4-11 m ay be substitu ted  in to Equation 4-8 and the d e riv a tiv e  taken.

d NOx e  -  CD a 2 XOx + AP(e>( L -Z ) d XOx _ x Ox AP(©) (4-12)
d Z a  z 2 RT ^ Z RT

Equation 4-12 is substitu ted  into Equation 4 -2  to give the second  o rd e r  un­

steady s ta te  equation:

c  d x Qx c CD ^ 2XOx -  A P (0)(L -Z ) gXQ x + X qx  AP(Q) 
d©  J Z2 RT ~5”Z RT

-  kR Xqx  C (4-13)

T hree  boundary conditions a re  req u ire d  fo r  the solution of Equation 4-13. 

Two a re  the sam e d istance  and m ole fra c tio n  p a ra m e te rs  a s  u sed  in the ana­

ly tical so lu tion . The th ird  is  a tim e  and m ole frac tio n  p a ra m e te r  d escrib in g  

the  oxygen  g rad ien t a t z e ro  tim e.

B. C . 1: At Z *  L, ©; *= 0

B. C. 2: A t Z =  0, ©= 0; XQx «= X q ^
° , 1 /2

B. C . 3: At Z-= Z, ©= 0; X ^  = X ^  exp (- (kR /  D ) Z )

Equation 4-13 is  of such com plexity  th a t th e re  a re  no s tra ig h t  forw ard

analy tical so lu tions. H ow ever, n u m erica l techniques using  a d ig ita l com ­

pu ter can  be used to g e n e ra te  so lu tions fo r  d iffe ren t va lues of the independent
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v a ria b le s  L and AP(6). Im p lic it fin ite  d iffe rences a re  used to e s tim a te  a ll 

d e riv a tiv e s , and a so lu tion  is  obtained by ite ra tiv e  techniques. The se tup  of 

the  n u m erica l so lu tion  and the com pu ter p ro g ram  "GRADIENT" a re  shown 

in Appendix A.

The output o f the p ro g ram  "GRADIENT" is  s e ts  of oxygen g rad ie n ts  fo r  

given L and P(tf) va lues. . An in teg ra ting  function in the p ro g ram  e s tim a te s  

the  daily oxygen consum ption  in  the channel a t the sta ted  conditions. Since 

"GRADIENT" g e n e ra te s  m uch data rap id ly , the m ost im p o rtan t inform ation  

w ill be su m m arized  using  F ig u re s  2 to 7.

The AP(6) function was tre a te d  a s  a saw tooth v a riab le  th a t lin early  

m oves betw een som e m axim um  and m inim um  value. The m axim um  h as  been 

fixed a t 745 m m  Hg p re s s u re  and the m inim um  is  estab lish ed  by the A P.

F igu re  2 show s the  m axim um  and m inim um  oxygen g rad ien ts  fo r a daily  p re s ­

s u re  change of 12 m m  Hg and an L of 200 fee t. At the m inim um  p re s s u re , the 

channel has been p a rtia lly  evacuated , and the  oxygen g rad ien t is  a t i ts  low est 

level as the h ighest oxygen content a i r  h a s  been pulled out. At the m axim um , 

re la tiv e ly  oxygen r ic h  ( 21 per cen t ) a tm o sp h eric  a i r  has been fo rced  into the 

channel to  r a is e  the g rad ien t. F o r  com parison , the g rad ien t fro m  the analy t­

ica l solution ( no b rea th in g  ) is  a lso  shown. The analy tical g rad ien t is  

sligh tly  c lo s e r  to the  m inim um  than  to the m axim um . C alcu la tions fo r  m ore  

n o rm al, 1 to  3 m m  Hg, da ily  p re s su re  changes give m axim um  and m inim um  

g rad ien ts  c lo s e r  to g e th er. At th ese  low p re s su re  v a ria tio n s , the  tim e  a v e r­

age of the g rad ien ts  app roaches the analy tica l g rad ien t.

H ie channel length L is  re p re se n ta tiv e  of the volum e of gas availab le  fo r  

co m p ressio n  and expansion  r a th e r  than  being a p e rp en d icu la r d istance  fro m  

the channel m outh. F ig u re  3 show s the influence of L on the am ount o f oxygen
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consum ed in the channel. As expected, m ore  oxygen is  consum ed on the 

" in "  than  on the "out" b rea th in g  cy c le s . Longer channels in c re a se  the ox ida- 

tion  on the "in"  s te p s , but give le ss  oxidation on the "ou t" cy c le s . The ne t 

re s u lt  is  a sligh t in c re a se  of oxidation with in c reas in g  L.

The evidence p resen ted  in F ig u res 2 and 3 leads to the conclusion  that 

"b rea th in g "  has little  e ffec t on oxidation in c lo sed  end channe ls . If channels 

betw een the a tm osphere  and a very  la rg e  void volum e, such  a s  a mined out 

volum e, w ere  considered , "b rea th in g "  m ight be of g re a te r  im portance.

T his is  indicated by the rap id ly  in c reas in g  oxygen consum ption a t longer pore 

lengths in F igure  3. In such  a case  n ea rly  a ll of the py rite -con ta in ing  chan­

nel would be sw ept with a new a tm osphere  during  each p re s su re  change. 

H ow ever, in the c u rre n t developm ent, it se em s reaso n ab le  to use the analy t­

ica l oxygen g rad ien t.

Influence of R eaction R ate C onstant

The ra te  constan t a lso  influences the oxygen g rad ien ts  and am ount of

oxidation. G enerally  is  defined in te rm s  of the  re a c tin g  m a te r ia ls . In the

c a se  of a heterogeneous reac tio n  a very  ca re fu l defin ition  is  req u ired . The
t

rea c tio n  ra te  equation is  w ritten  below in the usual sym bolic language fo r a 

f i r s t  o rd e r  reaction :

-  f f 2 5 -  -  ka  C qx (4-14)

The d e riv a tiv e , d ^ O x , is  the change in m oles per unit volum e per unit tim e . 
d<*

The ra te  constant, fcR* h as  the units of re c ip ro c a l tim e , and Cq x , the gas 

concen tra tion , has the un its of m oles p e r  unit volum e.

P y rite  is  em bedded in the channel w alls in sm a ll q u an titie s  so  the actual 

concen tra tion  m ust be co n sid ered  in de te rm in in g  kR . Since the  tru e  pyrite
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d is tr ib u tio n  is  not known, it is  n e c e ssa ry  to assu m e a d istrib u tio n . F o r ex­

am ple , in the lab o ra to ry , one g ram  of 60 m esh , concen tra ted , p y ritic  

m a te r ia l consum ed 25 m ic ro g ram s of oxygen p e r hour in a i r  a t 25 ° C . The

g ram  of pyrite  can be a ssum ed  to be d is tr ib u ted  along the w alls of som e vol­

um e, V, of channel, o r:

R ate  x g ra m  py rite  ^  k m o le . oxygen
g ra m  py rite  Volume Volume

— f t25x10 g ram  oxygen = kR x 0. 21 x 32 g ram s oxygen
V hour 2 2 .4  lite rs

kj^ = 8. 3 x  10~^ l i te r  
V hour

BE a channel c ro s s  sec tional a re a  one one sq u a re  m illim e te r is  considered , 

it  is  likely that the rea c tiv ity  equivalent of one g ram  of crushed  py rite  would 

be found in a length of 100 m e te rs . T his would give a volum e of 0. 01 cubic 

m e te r , o r  a k ^  value of 0. 083 per hour. Since th is  can  only be considered  

an educated g u ess , F ig u re  4 has been draw n to show the e ffect of the ra te  

constan t on oxygen g rad ie n ts . The h igher the ra te  constan t, the m ore  rapidly  

the g rad ien t d rops to z e ro . The influence of r a te  constant on the am ount of 

oxidation is  shown in F ig u re  5 as a logarithm ic  plot. T his plot h a s  a slope 

of 0. 5 indicating  that the  ra te  is  p roportional to the square  ro o t of the ra te  

constan t. T his is  the re s u lt  fo r  any ra te  ca lcu la tion  using a concen tra tion  

te rm  based  on Equation 4 -7 . The p reced ing  observation  lead s  to the conclu­

sion  th a t fo r  a reasonab ly  acc u ra te  oxidation m odel, the ra te  constan t should 

be known within an o rd e r  of m agnitude.

E ffects of R eaction O rd e r 

All of the  d iscu ss io n  to  th is  point has been  based  on the p re m ise  of f i r s t
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o rd e r , o r  oxygen concen tra tion  dependent, rea c tio n  k in e tics . However, in 

m icrob io log ica l w ork, p a rticu la rly  that of Lau e t a l . (13), it  has been ob­

se rv ed  that above a c e r ta in  m inim um  concen tra tion  of oxygen, the oxidation 

of p y rite  is  independent of the oxygen concen tra tion . The oxidation ra te  ap­

p e a rs  to be som e function of the F e rro b a c illu s  concen tra tion , o r  zero  o rd e r  

with re sp e c t to oxygen.

The "GRADIENT" p ro g ram  w as m odified to do zero  o rd e r  ca lcu la tions of 

oxidation above a m inim um  oxygen level and f i r s t  o rd e r  below  that level. 

B ased on Lau et a l . 's  w ork, 2 per cen t oxygen was used a s  the  cu t-o ff point. 

The oxidation ra te  above 2 per cen t oxygen was considered  to be the sam e a s  

the  ra te  observed a t no rm al (21 per cent) a tm ospheric  oxygen level.

The re s u l ts  generated  using th ese  assum ptions lead to the sam e conclu­

sions as the f i r s t  o rd e r  c a se . Some d iffe ren ces  in fo rm  do e x is t. F o r 

exam ple , the  z e ro  o rd e r  oxygen concen tra tion  g rad ien ts  shown in F igure  6 

a re  s te e p e r  than the f i r s t  o rd e r  c u rv e s  in F igu re  4. The m ost im portan t 

d ifference  betw een the two o rd e rs  is  shown in F igu re  7 w here  the am ounts of 

oxidation a re  plotted ag a in st pore length  fo r the d ifferen t o rd e r s .  The ze ro  

o rd e r  reac tio n  g ives a co n sis ten tly  h igher level of oxidation than does the 

f i r s t  o rd e r . T his o c c u rs  because  > o o rd e r  concen tra tion  g rad ien t, the

d riv ing  fo rce  fo r d iffu s io n , is  s teep  . r a s  m ore oxygen e n te rs  the channel to 

be used in oxidation.

The d ifference  betw een ze ro  and f i r s t  o rd e r  ra te s  is  not im portan t in the 

developm ent <f a model fo r th ree  re a so n s . As a p rac tic a l m a tte r , the 30 per 

cen t d ifference  is  m inor com pared  to som e of the  o th er influences such as 

ra te  con?tan ts. M ore im portan tly , Sm ith (35) and o th e rs  have sta ted  that the 

s ign ifican t b a c te r ia l ac tiv ity , fe r ro u s  to  f e r r ic  oxidation, o c cu rs  in the



M
ol

e 
Fr

ac
tio

n 
O

xy
ge

n

44

0.24
LEGEND

Hour

O 0 .001  
□  0 .01

0.20

0.16

0.1 2

0.08

0.04

0 to 15 2 05

D is ta n c e  from A ir-S o l id  Interface,  Feet

Figure  6 — Effect of Z ero O rd e r R ate C onstant on 
Oxygen G radient



O
xy

ge
n 

C
on

su
m

pt
io

n,
 

M
il

li
gr

am
s/

D
ay

45

12

10

8

LEGEND
6

D Zero Order 
O First Order

Kp = 0 .03  Hour
4

2

0
0 100 4 0 0200 3 0 0

C h an n e l  L en g th ,  F ee t

F igu re  7 — Effect of P o re  Length on Oxidation Rate

l



46

drainage  r a th e r  than on the su rfa c e  of the oxidizing py rite . T his m eans that 

in a n a tu ra l sy s te m  the pyrite  is  oxidized, the products move to a receiv ing  

s tre a m  o r  pool, and then the b a c te ria  oxidize fe r ro u s  ions to the f e r r ic  s ta te . 

In the lab o ra to ry  re s e a rc h , the b a c te r ia l enhancem ent of oxidation ra te s  was 

observed  only in sy s tem s w here the  cu ltu re  m edium  was re c irc u la te d  over 

the py ritic  m a te ria l. In a na tu ra l sy s tem  re c irc u la tio n  does not o ccu r.

F inally , in a n a tu ra l sy s tem , the w a te r- to -p y rite  ra tio  is  low a t the reac tio n  

s i te s .  Under th is  condition, as  explained by Lau e t a l . (19), th e re  w ill be r e l ­

a tively  few b a c te ria  growing, and th e re fo re , no enhancem ent of the oxidation 

r a t e ,

Oxidation P roduct Rem oval

G enerally  speaking, the rem oval of pyrite  oxidation p roducts has been 

investigated  much le s s  than oxidation of p y rite . The basic  rem o v a l problem  

is  to d e sc rib e  and evaluate the flow ra te  of oxidation products through v a r ­

ious porous m edia by both w a te r m ovem ent and by m olecu lar diffusion in 

aqueous solution ( i . e . , without n e t flow of w a te r ).

The ra te  of rem oval is  p rim a rily  a function of the hydrologic c h a ra c te r ­

is t ic s  of the  sy s tem . C onditions d esc rib in g  the e x tre m e s  of rem oval ra te  

com pared  to oxidation ra te  can be im agined as vary ing  fro m  oxidation s ite s  

in c lo se  proxim ity  to  flowing ground w a te r to s i te s  fa r  rem oved fro m  the 

w a te r tab le  which a re  never inundated o r  flushed by flowing w a te r. A ll o ther 

fa c to rs  being equal, oxidation r a te s  a t  th ese  s i te s  would be the sam e, but the 

r a te  of acid t ra n s p o r t  to the effluent s tre a m  would be quite d iffe ren t. To e s ­

tim a te  the  ra te  of tra n s p o rt, we m ust f i r s t  d e sc rib e  possib le  tra n sp o rt 

m echan ism s.
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Rem oval M echanism s:

On the b a s is  of lab o ra to ry  o b se rv a tio n s and physical co n sid era tio n s , it is 

poss ib le  to v isua lize  th re e  p a ra lle l tra n s p o rt  m echan ism s. The f i r s t  is  s im ­

ply a d ire c t  w ashing. As ground w a te r p e rco la te s  through flow channels in 

the  coal se am , products fro m  the w alls of the po res a re  d isso lved . T hese 

p roducts may have form ed a t tim es  when the channel was not filled with w ater 

o r  the p roducts may have diffused fro m  ad jacent channels th a t a re  not n o rm a l­

ly used fo r w ater flow. As flow in c re a se s , m ore  channels a re  u tilized , 

and m ore  product is  rem oved.

The second rem oval m echan ism  is  the flushing of p roducts fro m  an inun­

dated volum e. The inundation o c cu rs  a s  the w ater tab le  r i s e s  during  the 

sp rin g  thaw s o r  during  heavy ra in s  and co v e rs  a p rev iously  n o n -sa tu ra ted  

volum e. The oxidation p roducts g radua lly  d isso lve  and a re  c a r r ie d  to the 

rece iv in g  s tre a m . T his m echanism  is  p a rtia lly  resp o n sib le  fo r the high 

acid  loads observed  du ring  the sp ring .

The final rem ova l m echanism  a r is e s  fro m  the fac t th a t the oxidation 

p roducts fo rm  a highly localized  concen tra ted  acid  and s a l t  solution. T his 

so lu tion  is  hygroscopic and w ill ab so rb  m o is tu re  f ro m  the a i r .  Since the 

re la tiv e  hum idity  in a m ine a tm osphere  is  usually  100 p e r cen t, am ple w a te r 

is  ava ilab le  fo r  abso rp tion . In addition, when w arm  a i r  f ro m  outside  e n te rs  

a m ine and is  cooled , m o is tu re  may be rem oved by condensation . E ventually, 

su ffic ien t m o is tu re  is  co llec ted  a t the oxidized su rfa c e , and d ro p le ts  of acid ic  

so lu tion  fo rm . As the d ro p s becom e h eav ie r, they beg in  to flow by g rav ity  

and eventually  re a c h  the rece iv in g  s tr e a m s . T his m echan ism  has been ob­

se rv ed  in  lab o ra to ry  s tu d ies  w here w a te r sa tu ra ted  a i r  w as re c irc u la te d  

o v e r a bed of p y ritic  m a te ria l. A fte r about one w eek, ac id ic  brown liquid
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began to d r ip  f ro m  the py rite  bed. The rem oval by condensation, o r  g rav ity  

d iffusion in the nom encla tu re  of th is  m odel, is  assum ed to o ccu r uniform ly 

throughout a p y ritic  sy s tem , but only the d rops leaving the bottom  of the sy s ­

tem  a re  included In the net rem oval of acid .

While ex p erim en ta l data  and th eo re tica l ca lcu la tions could be used to 

c losely  e s tim a te  oxidation r a te s  in a py ritic  sy s tem , le s s  data  a re  availab le  

fo r  e s tim a tin g  the ra te  of rem oval by each  of the d escrib ed  rem oval m echa­

n ism s. H ow ever, using "com m on se n se "  and the eng ineering  approach  of 

Smith (3G), rem oval r a te s  can be estim ated  in te rm s  of what is  physically  

reaso n ab le .

G ravity  diffusion both adds and rem oves p roducts fro m  a volum e of coal 

o r  sha le . The r a te  of rem oval by th is  method can  be e s tim ated  in two ways. 

The lab o ra to ry  ex p erim en t w ith sm all coal block in a 100 p e r cen t re la tiv e  

hum idity ch am b er gave a rem oval ra te , of about 100 m illig ra m s ac id ­

ity  p e r day per squai'C foot of coal d rainage  su rface . If the ra te  of g rav ity  

d iffusion is  considered  proportional to the quantity  of oxidation p roducts 

s to re d  in a volum e, the above rem oval ra te  is  a m axim um  e s tim a te  since  it 

re p re se n ts  a volum e a t  the a ir - s o l id  in te rface  w here the oxygen concen tra tion  

and oxidation r a te  a re  a t a m axim um . If the  ra te  of rem oval by g rav ity  dif­

fusion  is  assum ed  proportional to the concen tra tion  of s to re d  p roducts , the 

to ta l rem oval ra te  fro m  a one foot wide row of volum es p e rp en d icu lar to the 

In te rface  may be e stim ated  by in teg ra ting  the exponential oxidation g rad ien t 

of Equation 4 -7 :
1/2

0 exp ( -  ( kR /  D ) ) dZ

In se rtin g  the value of kR equal to 0. 8 p e r day • fo r  coa l, a d iffusiv ity  of 10. 0

sq u a re  fee t pe r day , and the R value of 100 m illig ram s ac id ity  p e r day
R em
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and noting that a t g re a t values of L  th e re  a re  no oxidation p roducts to be r e ­

m oved, then:

Total rem oved = ( 1 0 0 /(0 .8 /1 0 )ly 2̂ ) exp ( - (  0. 8/M))1^ 2)

*= 343 m illig ram s acid  pe r day p e r foot of in te rfac e .

F o r  the  estim ated  wall length of 100 fee t a t M cDaniels Mine th is  g ives 34 

g ra m s  p e r  day o r about 2 pounds per month.

The second m ethod of e stim atin g  g rav ity  diffusion is  to exam ine acid  out­

put da ta  fro m  M cDaniels Mine fo r periods such  as late su m m er and e a rly  

autum n when the ground is  re la tiv e ly  d ry  and ground w ater flow s a re  low. 

Under th e se  conditions, leaching and inundation rem oval of oxidation products 

a r e  m in im al, and g rav ity  diffusion is  the dom inant rem oval m ethod. O ver 

the  19G6 to 1970 period , acid  loads in th is  d ry  season  have been in the range 

of two to  four pounds p e r  month at M cDaniels Mine. Since th is  ran g es  ag re e s  

w ith the ra te  estim ated  in the labo ra to ry  study , a re la tionsh ip  m ust be includ­

ed in th e  model to give th is  ra te  of rem oval by g rav ity  diffusion.

T he rem oval of p roducts by perco lation  o r  by flushing both re q u ire  that 

th e re  be  a d escrip tio n  of underground w a te r flow p a tte rn s . H ydrologic equa­

tio n s have been developed to d e sc rib e  flow p a tte rn s  in w atersh ed s covering  

h u n d red s of square  m ile s . Even in these  la rg e  a re a s ,  the n o n -iso tro p ic  na­

tu re  of the  ea rth  fo rc e s  g en era liza tio n s in the  flow d esc rip tio n s . When the 

re la tiv e ly  sm a ll, a t m ost two o r  th re e  a c re s ,  d ra inage  a re a  of M cD aniels 

Mine is  considered , flow can  b e s t be d e sc rib ed  a s  "through c ra c k s  and c re v ­

ic e s . "  (32) It h as been suggested  tha t the b e s t m athem atical d e sc rip tio n  of 

th is  behav io r can be obtained by assum ing  a m odel and de term in ing  how well 

the  m odel c o rre la te s  p rev ious p rec ip ita tion  and flow data.
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U nderground W ater Balance

The b asis  tha t w ill be used fo r a m odel of ground w a te r flow is  a m a te ria l 

balance: In -  O u t=  A ccum ulation. T his balance can be expanded and r e a r ­

ranged to d e sc rib e  the ra te  of w ater flow through a m ine. To aid  the 

v isua liza tion  of the w ater m a te ria l b a lance , M cDaniels T es t Mine will be used 

as the  b a s is  fo r  ca lcu la tions.

The input te rm  in the w ater balance is  a function of the am ount and ra te  

of p rec ip ita tion  and of the c h a ra c te r is t ic s  of the receiv ing  ground. The out­

put te rm  depends on d rainage  flow s, evaporation , and tran sp ira tio n . The 

accum ulation te rm  approaches ze ro  over a period of y e a rs , but has a fin ite  

value over sh o r te r  periods of tim e . The accum ulation may be considered  a s  

the tim e fo r  passage  of w ater from  the su rfa ce  a fte r  p rec ip ita tio n  through the 

ground to su b -su rfa c e  flow paths. The accum ulation a lso  re p re se n ts  a d r iv ­

ing fo rce  o r  "head’1 fo r  underground flow s.

The input of w a te r can be e stim ated  su ccessfu lly  using c u rre n tly  availab le  

hydrologic m odels (11,44). The am ount and duration  of p rec ip ita tion  can  be 

m easu red . The ra te  and to ta l uptake of w ater by the soil, in filtra tio n  capac i­

ty, can be d e te rm in ed . The in filtra tio n  capacity , fp, d e c re a se s  exponentially 

fro m  a m axim um  in itia l ra te , to a constan t ra te . F o r  the M cDaniels

a re a  an f j ^ x  of 0. 5 inch per hour has been e stim ated  du rin g  the norm al 

grow ing season(32). When the ground is  wet, the  in filtra tio n  capacity  d rops 

to  low er values as the  so il flow channels becom e sa tu ra te d , and clay p a rtic le s  

begin to sw ell and c o n s tr ic t p o res  (44). Since the in filtra tio n  is  lam inar flow, 

the ra te  is  a lso  v iscosity  dependent. V iscosity  of w ater in tu rn  is  

tem p er at'are dependent. The dependence is  of the fo rm  

V iscosity  = A exp ( B /  T em p era tu re )
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w here A and B a re  constan ts fo r  the liquid in question . Hence, th e re  w ill be 

a seaso n a l v a ria tio n  of in filtra tio n  capacity  a r is in g  from  tem p era tu re  v a r i­

ations in  addition to the cyclic  v a ria tio n s caused  by plant grow th dem ands fo r 

w a te r. When the ground is  fro zen , the in filtra tio n  capacity  app roaches zero .

The output of w ater is  h a rd e r  to d esc rib e  s ince  only the dependent v a r i­

ab le , d ra in a g e  fro m  M cDaniels Mine, can be d ire c tly  m easu red . The evapo- 

tra n sp ira tio n  lo sse s , evaporation  plus w ater vapor given off during  plant 

grow th, can  not eas ily  be m easu red . However, techniques have been devel­

oped fo r  e s tim atin g  evapo transp ira tion . Thornthw aite and M ather (42) 

com piled and analyzed a ll  of the ex isting  ev ap o tran sp ira tio n  data  f ro m  the 

United S ta te s . On the  b a s is  of th is  com pilation, they developed a m ethod to 

p red ic t po ten tia l ev ap o tran sp ira tio n  (PE). T h e ir  c o rre la tio n  re q u ire s  data 

on the a v erag e  monthly te m p e ra tu re , la titude , so il type, and vegetative cover 

fo r  the reg ion  in question .

The te m p e ra tu re  data  a re  used to e s tim a te  the so la r  energy received  by 

the  ground, and the latitude d e te rm in es  the da ily  tim e availab le  fo r  plant 

grow th. F ro m  th is  data  a potential (m axim um ) ev ap o tran sp ira tio n  is  ca lcu ­

la ted . F ro m  the type of vegetation and so il, a p rov isional w a te r holding 

capacity  (PW HC) is  obtained. The PWHC re p re s e n ts  the ab ility  of the  roo t 

s tru c tu re  to hold o r  bind w a te r In the so il. The so il and vegetation of the 

Vinton County, Ohio, a re a  a re  probably b e s t d e sc rib ed  by Thornthw aite and 

M a th e r 's  ca teg o ry  of sandy loam  and open fo re s t .  F o r th is  com bination,

a PWHC of 10 inches of w ater is  suggested.
$

The P E  ca lcu la tion  techniques a re  fa ir ly  s im p le . The estim ated  evapo­

tra n sp ira tio n  Is  su b trac ted  f ro m  the w ater conten t of the so il. The ac tual 

w a te r conten t m ust be known a t som e tim e, o r  e ls e  the  w ater content can be



assum ed  equal to  the PWHC during  the w e tte st p a r t  of the y e a r . A s the  PE  

i s  su b trac ted  fro m  the ro o t w a te r s to ra g e , the s to rag e  level fa lls  below  the 

PWHC. When the su rfa ce  d r ie s ,  th e re  is  le s s  w ater availab le  fo r  evaporation  

and the P E  is  reduced a lso . D uring a prolonged d ry  period, the ro o t s to rag e  

a sym pto tica lly  app roaches z e ro . When p rec ip ita tion  o c c u rs , the roo t s to rag e  

i s  rech arg ed  up to  the  PWHC. In the sy s te m  being analyzed, ex cess  in f iltra ­

ted  w a te r is  then  considered  to be availab le  fo r  d ra inage  flow s. The logic of 

th is  assum ption  can  be verified  by digging into the soil a f te r  a su m m er 

show er. While the su rfa ce  is  m o ist, the so il a t a depth of a foot is  d ry  and 

pow dery.

P re c ip ita tio n  o c c u rrin g  during  cold w eather is  a spec ia l prob lem . When 

th e  ground f re e z e s , the  w a te r contained in the free z in g  ground is  held and 

p reven ted  fro m  reach in g  the a re a  of underground flows. The ra in  o r  snow 

fa llin g  on fro zen  ground e ith e r  rem a in s  a s  fro zen  w ater o r  ru n s  off into s u r ­

face  s tr e a m s . The fro ze n  w a te r may in filtra te  the  so il when the ground thaw s 

du ring  w a rm e r w eather, but a la rg e  frac tio n  m ay run  off a s  su rfa ce  w a te r if 

th e re  is  a rap id  thaw  o r  a re la tiv e ly  la rg e  am ount of fro zen  w ater.

P o ten tia l ev ap o tran sp ira tio n  and m ean m onthly ra in fa ll fo r  the  M cDaniels 

a re a  a re  co m pared  in  F igu re  8. In the hot su m m er m onths th e re  is  a defi­

c iency  of p rec ip ita tio n  com pared  to  the P E . In the coo le r m onths th e re  is  

e x c e ss  p rec ip ita tio n  and the underground flow re s e rv o ir s  can be rech a rg ed . 

The ca lcu la tion  of the  PE  cu rve  is  shown in Appendix B. Data have been  

a b s tra c te d  fro m  Thornthw aite and M ath er 's  p resen ta tio n  so  th a t the  P E  can  

b e  rep ea ted ly  ca lcu la ted  fo r the M cDaniels T es t S ite. The subrou tine  

"PE V A P" h as  been  w ritte n  to d e te rm in e  a PE  fo r  each  m onth of the y e a r . 

"P E V A P " is  d e sc rib e d  in C hap ter V in the sec tio n  on program m ing .
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The accum ulation  te rm  in the  w a te r balance re p re s e n ts  the w a te r con­

tained in the geologic s tru c tu re . M ate ria ls  such a s  sh a le  and sandstone a re  

not so lid , but porous, and can hold w ater in th ese  p o res . T here  a re  a lso  

c ra c k s  and c re v ic e s  which can  hold w ater. As was m entioned p rev iously , the 

w ater m oving down fro m  the su rfa ce  o r  being held a s  fro zen  w a te r o r  snow 

can  a lso  be considered  p a rt of the accum ulation  in the m ass  balance. 

E stim ation  of D rainage Flows:

Since the m ain concern  of th is  an a ly sis  is  the e s tim a tio n  of d ra inage  flow 

fro m  the M cDaniels Mine, the m a te ria l balance can be re a rra n g e d  to give: 

Output *= Input -  A ccum ulation .

B reaking down the output te rm  fu r th e r  gives:

D rainage = Input -  A ccum ulation -  E vapo transp ira tion  

The in fo rm ation  req u ired  to use  the above equality  fo r p red ic ting  groundw ater 

flow s may be sum m arized  a s  follow s:

Input = f{ P re c ip ita tio n , In filtra tion  capac ity , T em p era tu re ) 

A ccum ulation *= f( T em p era tu re , Geologic F e a tu re s  ) 

E vapo transp ira tion  *= f (T e m p e ra tu re , V egetation, P re c ip ita tio n )

The n a tu re  of th ese  re la tio n sh ip s  has la rge ly  been explained so  the fo rm u­

la tion  of a p red ic tion  technique can  now proceed . The one re la tio n sh ip  which 

w as not quan titatively  d esc rib ed  was the e ffect of geologic s tru c tu re  on the 

accum ulation . Since no in fo rm ation  e x is ts  to define th is  re la tio n sh ip , an  em ­

p ir ic a l c o rre la tio n  m ust be used . In te rm s  of what is  ob serv ed , the m odel 

m ust provide fo r  the g en e ra l s to ra g e  of w ater and the delay  betw een p rec ip ­

ita tio n  and m easu rab le  flow changes. It m ust a lso  provide fo r  longer te rm
*

s to ra g e  of fro zen  w ater.

One s to ra g e  re p re se n ta tio n  is  a s e t  of th re e  tanks: A, B, and C. Tank A
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re c e iv e s  p rec ip ita tio n  when the am bient te m p e ra tu re  is  above freez in g .

Tank B re p re s e n ts  su rfa c e  s to rag e  of snow and ice  when the ground is  frozen . 

Tank C is  the  g en era l s to ra g e  volum e fro m  which w ater is  continually  r e ­

leased  a s  d ra in ag e  flow. A frac tio n  of the con ten ts of Tank A a re  t ra n s fe r re d  

to Tank C each day. T h is p a rtia l t r a n s fe r  builds in a delay rep re se n tin g  the 

tim e it  tak es fo r  p rec ip ita tio n  to move through the  ground. The con ten ts of 

Tank B a re  g radually  t ra n s fe r re d  to Tank C as the ground thaw s. With even 

a s im p le  th re e  tank m odel, a rb i tr a ry  constan ts  m ust be evaluated . Since 

th e re  a r e  lim ited  physical b ases fo r  evaluating  the co n stan ts , they m ay be 

assigned  values which b e s t s im u la te  ex is tin g  da ta .

The com pu ter sub rou tine  "REMOVE" has been developed fro m  the in fo r ­

m ation p resen ted  in the d iscu ssio n  of the w ater ba lance . The su b p rog ram , 

which is  d e sc rib ed  in C hap ter V, u ses  b asic  m eteo ro log ica l data and the 

s to ra g e  m odel to g e n e ra te  daily flow e s tim a te s . The daily  flow e s tim a te s  

a r e  then used to d e te rm in e  product rem oval ra te s  by leaching and inundation. 

T hese  c a lcu la tio n s  w ill be d iscu ssed  when the to ta l d r if t  m ine m odel is  

d e sc rib e d  in the follow ing ch ap te r.



CHAPTER V

DEVELOPM ENT O F DRIFT MINE MODEL

S evera l approaches a re  possib le  in developing a model of a p y ritic  system . 

The m ajo r so u rce  of v a ria tio n s  a r is e s  in the choice of the b a ses  to  be used. 

The choice of a co -o rd in a te  sy s te m  depends on fac to rs  such a s  com putational 

fa c ili ty , spa tia l v isua liza tion , and physical re a lity . The e a s ie s t  choice is  to 

l i s t  a ll possib le  v a riab le s  with a tabulation of data  and feed the m ass  of num­

b e r s  to a com puterized  m ultip le  re g re ss io n  an a ly s is . This s ta tis t ic a l  

ap p ro ach  o ffers  com putational fac ility , but so m etim es at the sa c r if ic e  of 

physica l rea lity . Since the goal of th is  re s e a rc h  is  to m aintain  physical 

m eaning so  tha t d ifferen t s i te s  can  be com pared , a s ta tis tic a l approach  m ust 

be ru led  out.

F o r  the sake of g en e ra lity  and physical s ign ificance , the b est approach  is  

to  w ork  with C a rte s ian  c o -o rd in a te s . The physical o rien ta tion  of the  sy s tem  

can  be eas ily  d escribed  in th ese  co -o rd in a te s . P hysica l and ch em ica l v a r i­

a b le s  such  as w ater flow, oxygen g rad ien ts , and the w ater tab le  a r e  a lso  

e a s ily  defined in rec tan g u la r c o -o rd in a te s .

C om putational n ea tn ess  can  be a ssu re d  by the carefu l definition of the 

v a r ia b le s . F o r exam ple, a technique to ca lcu la te  the oxygen g rad ien t in 

te r m s  of the d istance  fro m  the a ir -so lid  in te rface  has a lready  been explained 

in  C h ap te r IV.

56
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D escrip tion  of M icro-& ystem

Let us begin developm ent of the com putational m odel by exam ining a 

sketch  of a pyrite  containing coal seam  as shown in F igu re  9. G enerally , 

the coal seam  is  divided into a num ber of lay e rs  of coal and shale . The w a te r 

tab le  may in te rcep t the coal seam . The coal seam  ex tends a re la tiv e ly  g re a t 

d is tan ce  fro m  the a ir - s o lid  in te rface .

One of the lay e rs  is  shown in expanded fo rm  in F ig u re  10. The B tratum  

is  of such s ize  tha t oxidation and rem oval conditions can  v a ry  widely over 

the s tra tu m . T h ere fo re , the s tra tu m  is  subdivided into s e v e ra l la y e rs , and 

these  la y e rs  a re  then divided into b locks. The basic  assum ption  of the 

whole m odel m ust now be sta ted : An av erag e  se t of conditions e x is ts  over 

each volume and can be used in any ca lcu la tions fo r  that block. The sy s te m  

behavior is  then the lin e a r  sum  of the behavior of a ll th e se  sm a ll reac tio n  

volum es.

The block m arked "A" in F igure  10 is  fu rth e r  expanded in F igure  11.

A m a te ria l balance has been developed about the block to  re la te  the oxidation 

product fo rm ation  and rem oval r a te s .  Oxidation is  the chem ica l reac tio n  of 

oxygen and py rite . G ravity  diffusion is  the very  slow downward m ovem ent 

of highly concentra ted  product so lu tions. Leaching is  the rem oval of p roducts 

by ground w ater tr ic k lin g  through the oxidized volum e. Flooding is the r e ­

m oval of products when a volume is  inundated. A ll of th e se  te rm s  have been 

d esc rib ed  in C hap ter TV so  now they need only be sligh tly  expanded o r  a lte re d  

to  give a sing le  ex p re ss io n  to d e sc rib e  the events in volum e "A . "

Oxidation ra te  is  a function of the oxygen concen tra tion , the pyrite  su rface  

availab le  fo r oxidation, and the reac tio n  ra te  constant. The oxygen concen­

tra tio n  g rad ien t can be calcu lated  using  Equation 4 -7 . The pyrite  availab le
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and the reac tio n  ra te  constan t can be estim ated  fro m  data such as that 

d esc rib ed  by L arez . (18)

P rev io u sly , a ra te  constan t was calcu lated  by assum ing  that the re a c tiv ­

ity of a g ram  of pulverized py rite  was d is trib u ted  along the w alls of som e 

void volum e, l a r e z  (18), how ever, rep o rted  ra te s  based  on a volume of 

b inder m a te ria l ra th e r  than on the b a s is  of py rite  weight o r  su rface  a re a .

In th is  c a se , the void frac tio n , C , of the b inder m ust be used in calcu lating  

the ra te  constan t. F o r sha le , € is  in the range 0 .2  to 0 .3 . (35) F o r coal, 

the only data on porosity  is  tha t of the m ic ro -s tru c tu re  m easu red  by n itrogen  

adso rp tion  and o ther such  techniques. T h ere fo re , if has been n e c e ssa ry  to 

m ake a rough e s tim a te  of € fo r coal. D r. K. S. Shumate of the C ivil E ng i­

neering  D epartm ent of The Ohio State U niversity  has suggested  tha t 6 

■probably has a re la tiv e ly  low value fo r co a l—in the range 0. 005 to 0. 02. (32) 

F o r com putational pu rposes a value of 0. 005 void frac tio n  w ill be used fo r 

coal.

L a re z 1 oxygen uptake ra te s  and the void frac tio n  may be used to e s tim a te  

a ra te  constan t fo r  the n a tu ra lly  o ccu rrin g  p y rite . We may w rite  the g en era l 

f i r s t  o rd e r  ra te  equation as:

R ate (m o le s /h o u r/v o lu m e  gas) *= k ( /h o u r)  Cq x (m o les  oxygen/
volum e g a s )

The experim en ta l ra te , R ateE xp, w as rep o rted  a s  oxygen uptake p e r to tal 

volum e p e r hou r. Since the gas volum e equals the void frac tio n  tim es the 

to ta l volume:

R ateExp ^  € = COx

T his may be rea rra n g e d  to give:

kR = R ^ E x p  /  ( € Cqx  )
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If an  oxygen level of 21 per cen t is  assum ed  in the bulk a ir  phase, and 

la re z *  oxygen uptake ra te s  of 3 m ic ro g ram s oxygen p e r hour p e r cubic 

c e n tim e te r  so lid  fo r  sha le  and 1 m ic ro g ram  p e r hour pe r cubic c e n tim e te r  

fo r  coal a re  used , kR has a value of 0, 067 p e r day fo r  sha le  and 0 .80  per day 

fo r  c o a l. The h igher value fo r  coal a r is e s  because  the ra te  constan t is  in­

v e rse ly  p roportiona l to the void frac tio n .

In th e  follow ing pages, a num ber of v a riab le s  w ill be in troduced. The 

m odel te rm ino logy  is  sum m arized  in Table 2. The basic  notation  used  in 

the com putation  m odel is  " J "  fo r  the lay e r num ber counting upw ards fro m  

the bo ttom  la y e r , and "K" fo r the block num ber counting in a ho rizon ta l 

d ire c tio n  fro m  the a ir - s o l id  in te rfac e . In addition, the p ro g ram  prov ides 

lrIn no tation  fo r  in c rem en ts  along the in te rface  fo r  s itu a tio n s w here conditions 

may v a ry  ho rizon tally  along the exposed face.

The quantity  of oxidation, which in c re a se s  the am ount of p roducts s to re d  

in volum e "A " (STOREfI, J ,K ) in our notation) can be ex p re ssed  as follow s: 

OXIDN0. J , K) = kR(J) C0 x (I, J , K) DVOLCr, J , K) (5-1)

OXIDNfl, J ,  K) is  the oxygen consum ed per day in a b lock of volum e DVOL 

(I, J ,  K). 0 ^ ( 1 ,  J ,K ) is  the  oxygen co ncen tra tion  in the void volum e, and

k ^ J )  i s  the ra te  constan t fo r  la y e r  J.

A g ra v ity  diffusion function w hich includes a dependence on the quantity  of 

s to re d  p ro d u cts  and which a ssu m e s  no ho rizon ta l m otion of p roducts is :

GRAVOT(I, J ,K )  = DIFFG (J) STORE(I, J ,K ) (5-2)

GRA VIN(I, J , K) = DIFFG(J+1) STORE (I, J + l, K) (5-3)

GRAVIN and GRAVOT a re  the  g rav ity  diffusion in and out of a volum e. 

STORE(I, J , K) is  the pounds of oxidation p roducts , rep o rte d  a s  oxygen con­

sum ed , s to re d  in th e  volum e, and " J + l"  r e f e r s  to the volum e above.
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Main P ro g ra m  A rra y s

STORE Product s to ra g e  volum es
RATEK R eaction ra te  constan ts  of s tra ta
REACT Oxygen consum ption ra te  of py rite  containing b inders
THICK T hickness of s tra ta
ROCK )
TYPE ) L ite ra l d e sc rip tio n  of s tra ta
DIFFG G ravity  d iffusion  ra te  constan t fo r  a lay e r
WASH E quilib rium  product s to rag e  in lay e r
WATER W ater tab le
VAP Monthly value of potential ev ap o tran sp ira tio n

Main P ro g ram  In teger V ariab les

IN Input unit num ber
IO P rin ted  output unit num ber
IP  Punched output unit num ber
IY Y ear num ber s to ra g e
NLAYER N um ber of la y e rs  in coal seam  model
NDEPTH N um ber of depth increm en ts  in model
N FEE T  N um ber of a ir - s o l id  in te rface  inci'cm ents
NPUNC1I Punched output con tro l
IYEAR Y ear
IDAY Date

Main P ro g ra m  Real V ariab les

DTIIETA T im e in crem en t length, days
DI Length of a ir - s o l id  in te rface  in c re m e n ts , fee t
DK Length of depth  in c rem en ts , fee t
TO P Datum  plane fo r  top of coal s e a 2n
SLOPE Slope of coal se am  re la tiv e  to datum  plane
ALKALI Ground w a te r a lkalin ity , p a rts  p e r m illion
A MONTH Month
OXX Mole frac tio n  oxygen
FRAC F rac tion  of s to re d  products rem oved daily  during  flooding
FLOOD Acid rem oved during  inundation, pounds
DIF Base g rav ity  d iffusion constan t
GRAVIN G ravity  d iffusion  into a volum e, pounds
GRAVOT G ravity  diffusion out of a volum e, pounds
DSLV F rac tio n  of p roducts rem oved each day by leaching
A OUT Daily acid rem o v a l by leaching , pounds
OXIDN Oxidation in a volum e, pounds
-SUM V ariab le  re p re se n tin g  cum ulative to ta l
F J  The ra tio  of s to re d  products to  equ ilib rium  s to ra g e  level
CON- C alcu la tional constan t
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Subroutine I n t e g e r  V ariables

K EEP Length of month
LAST Date of previous data input
LTHETA Days since preceding data input

Subroutine Real V ariables

REMOVE Name of flow calculation subroutine
DAYS Name of in te rval determ ining subroutine
EVAP Name of evapo transp ira tion  calculation subroutine
TANKA Storage of w ater from  w arm  w eather p recip itation
TANKB Longer te rm  sto rage  of frozen  precip itation
TANKC Main s to rage  volume
TA Rate of w ater tra n s fe r  from  TANKA to TANKC
TB Rate of w ater tra n s fe r  from  TANKB to TANKC
RAIN P recip ita tion , inches
RTIME Duration of ra in fa ll, hours
RCAP Infiltration capacity  of soil
TMEAN Average daily  tem p era tu re , deg rees Fahrenheit
RNET Net ra in fa ll en tering  underground storage
PWHC Provisional w ater holding capacity  of roo t s tru c tu re , inches
PWATER C urren t w ater sto rage  in roo t struc tu re , inches
DEFICT Deficiency in root w ater sto rage
TCA P  Sum of RCA P a nd DE FIC T
E F F  Effect of roo t sto rage  deficiency on potential evapotransp ira tion
PEVAP Potential evapo transp ira tion , inches of w ater
AIN Five day average  of w ater en tering  underground sto rage
WSHED "W atershed" a rea  of mine
FLOW D rainage flow fro m  mine, gallons per day
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D IFFG (J) is  the  frac tio n  of p roducts s to re d  in lay e r J  which m oves by g rav ity  

diffusion each day. F o r d iffe ren t s t r a ta ,  DIFFG (J) is  calcu lated  as a con­

s tan t frac tio n , DIF, of the oxidation ra te  constan t. T his dependence is  based  

on the assum ption  that g rav ity  diffusion depends on how fa s t oxidation p rod ­

u c ts  fo rm , and in v erse ly  depends on the void volum e availab le  fo r product 

s to ra g e . Both of these  fa c to rs  a re  included in the r a te  constan t. The m ag­

nitude of DIF, 0.001, is  chosen to give a net monthly rem oval r a te  of about 

two pounds of acid  as d e sc rib ed  in C hap ter IV. C alculated  values of D IFFG (J) 

a re  in the range 0. 0005 to 0. 001.

Removal by leaching and flooding a re  both functions of underground w ater 

flow s. The leaching  o c cu rs  as w a te r tr ic k le s  through channels in the oxi­

d ized volum e. The tr ick lin g  w a te r picks up oxidation products and e n te rs  the 

receiv ing  s tre a m . The products which a re  rem oved may have been form ed 

e ith e r  along the flow channel w alls o r  have diffused fro m  ad jacen t ' ’d ry "  

channels. The b asic  assum ption  of the leaching model is  th a t m ost of the 

w a te r observed  a s  d rainage  has not contacted the re a c tiv e  pyrite  volum e, but 

m ere ly  d ilu tes the ac id . The reaso n in g  is  that if the reac tiv e  a re a  w as con­

tinually  w ashed by large  volum es of w a te r, the fine channels in the b inder 

would be filled  with w a te r. The w a te r then would block the tra n s p o rt  of oxy­

gen to the p y rite , and oxidation would v irtu a lly  c e a se .

The quantity  of p roducts leached depends both on the  am ount of p roducts 

p re sen t and on the num ber of flow channels being u tilized  fo r flow. The 

u tiliza tion  of flow channels is  la rg e ly  con tro lled  by how much liquid is  moving. 

T h ere fo re , A OUT, the  quantity  of m a te ria l leached fro m  a volum e may be ex­

p re sse d  as a function of the s to ra g e  con ten ts and the r a te  of w a te r trick lin g  

v e rtic a lly  f ro m  the su rface :
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AOUT(I, J ,  K) = 8TORE(I, J ,K ) * F J  • DSLV (5-4)

DSLV is  the frac tio n  of s to red  products rem oved each  day by w a te r t r ic k ­

ling  downward through the b in d er and p y rite . The value of DSLV has been 

obtained by c o rre la tin g  the ca lcu la ted  w ater in filtra tio n  ra te s  with observed 

v a ria tio n s  in acid  load at the M cDaniels Mine. The b e s t m atch of observed  

and predicted  acid load was obtained fo r:

DSLV -  0. 002 ARN (5-5)

w here ARN is  the w a te r in filtra tio n  ra te  averaged over a five day period.

T his averag ing  re p re se n ts  the g radual m ovem ent of w ater down fro m  the s u r ­

face  a fte r  p rec ip ita tion . The tim e  resp o n se  to ra in fa ll  becom es m ore  rap id  

as the so il becom es sa tu ra ted  with w ater. The value of DSLV is  usually  

calcu lated  in the range 0. 0005 to 0. 0015. The te rm  F J  is  the ra tio  of the 

• quantity  of s to red  products to the equ ilib rium  product s to rag e  leve l. The 

equ ilib rium  s to rag e  is  the am ount of p roducts th a t would be m aintained in an 

open sy s tem  w here oxidation and rem oval ra te s  w ere  equal. The equ ilib rium  

conditions w ere  estim ated  by allow ing the sim ula tion  p ro g ram  to run  under 

conditions of 21 per cent oxygen a tm osphere  fo r a th re e  y e a r  period . The 

quan tities  of product s to red  a t the  end of th is  period w ere  used a s  the equi­

lib r iu m  s to rag e .

The quantity of p roducts rem oved  by inundation depends on the m ovem ent 

of the  w a te r tab le . The m otion of the w a te r table can  be re la ted  to the under­

ground sto rage  tank  m odel. The v a ria tio n  in the level in Tank C can  be used 

to re p re se n t the fluctuations of the w a te r tab le  above a datum  level. In the 

r e a l  sy s tem , the fluctuations of the  w ater level of T est Well N um ber 6 in the 

h ills id e  above M cDaniels Mine a re  indicative of w a te r tab le  changes. It has 

been suggested that the w a te r tab le  is  parabolic  in fo rm , r is in g  a t an
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in creasin g  slope from  the exposed coal face tow ards Well 6. (35) Obviously, 

the total w ater table can not have th is in itia l concave fo rm  since by logical 

extension of the table there  would be a w ater spout a t the end of the table at 

som e point higher on the h ill. Beyond Well 6, the w ater table probably has 

a m ore hydro logic ally reasonable  shape such as convex parabolic which be­

com es e ssen tia lly  horizontal. The tru e  shape of the w ater table is not 

c ritic a l fo r th is model, but som e fo rm  m ust be selected  fo r com putational 

purposes.

Under the assum ption that the calculated levels in Tank C d irec tly  c o r­

respond to the observed levels in T est Well Number G, an equation can be

developed to describe  the shape of the w ater tab le. The basic  equation fo r  a
o

parabola, y = mx + b, req u ire s  evaluation of two constants, m and b. 

These may be evaluated by exam ining data from  Well G.

When y , defined a s  the height of w ater in Well 6 re la tive  to  the bottom  of 

the coal seam , is  21 fee t, w ater runs out over the top of the coal seam  120

(x) feet away. Since the seam  is about 3 fee t thick,

21 -  m (120)2 + 3 

o r  upon rea rran g em en t,

m  = 1 8 /  (120)2 = 1 /  800 .

The re a l point of in te re s t is  x , the point w here the w ater tab le  in te rse c ts  the

coal seam , so the parabolic equation m ust be put in the fo rm  

x2 = 800 y 

o r  x  = ( 800 y ) 1 /2  .

Finally th is  may be converted  to  a dependence on Tank C. In the four y e a r 

period sim ulated by the flow prediction  subprogram  ,TREM OVE,"  the s to rage  

te rm , TANKC, varied  in the range 0 .9  to  2. 5 (inches of s to red  w ater).
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D uring the sam e tim e in te rv a l, the w a te r level in T es t Well 6 v a ried  betw een 

15 and 22 feet above the coal seam . If it  is  assum ed th a t the re la tio n sh ip  

betw een the level in T est Well 6 and TANKC is  lin e a r , an ex p re ss io n  such  as 

y = 15 + 5 ( TANKC -  0. 9 ) 

can  be used to define the re la tio n . T his gives

x -  28. 28 ( 15 TANKC -  13. 5 ) ^  (5-GJ

a s  the  final fo rm  to be used in the  com putational m odel. The shape of the 

w a te r  tab le  is  ra th e r  uncerta in  a f te r  it in te rse c ts  the coal. A lin e a r  slope 

th rough  the  seam  w ill be assum ed  although the ac tual tab le  depends on w here 

c ra c k s  and c le a ts  occur in the se am .

While a s to ra g e  volume is  inundated, the oxidation products g radually  

d isso lv e  and flow away, The am ount of p roducts rem oved per day is

FL O O D (I,J,K ) = FRAC ■ STOREfl, J , K) . (5-7)

FRAC is  the frac tio n  of products s to re d  in a volum e which a re  d isso lved  each 

day tha t the volum e is inundated. A value of 0. 002 p e r day has been found 

m ost ap p ro p ria te  fo r  FRAC. T h is is  a h igher value than  that of DIFFG 

(0 . 0005 to 0. 001 r a n g e ) and tha t of DSLV (0 . 0005 to 0. 0015 range ) s ince  

inundation su p e rse d es  and includes g rav ity  diffusion and leach ing . An upper 

l im it  on the ra te  of rem oval during  inundation a r is e s  because  of product so l­

ub ility  lim ita tio n s , and because of the  fac t that p roducts m ust s t i l l  d iffuse out 

of cap illa ry  s ize  channels in the  inundated volum e.

At th is  point, it  is app rop ria te  to d isc u ss  in m ore  d e ta il how ’’su itab le "  

v a lues w ere obtained fo r  the constan ts  DIF, DSLV, and FRAC. The b a s is  

fo r  the  evaluation of the constan ts w as the annual acid  loads m easu red  a t 

M cD aniels T es t Mine.

While the th re e  rem oval m echan ism s, leaching, g rav ity  d iffusion, and
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Inundation, have been considered  as p a ra lle l and independent, the to ta l r e ­

m oval m ust f it  the c o n s tra in ts  of the observed  da ta . Hence, if one ra te  is  

in c re a se d , the o th er two rem oval ra te s  m ust be reduced .

In light of the p reced ing  d iscu ss io n , the  genera l technique fo r  evaluating  

D IF , DSLV, and FRAC was to pick a value fo r  each and d e te rm in e  how w ell 

the  annual p red ic tio n s of acid  loads m atched the annual loads observed  a t  Mc­

D aniels Mine. The key fo r  the in itia l e s tim a te  of the co n stan ts  was the 

experim en ta l knowledge tha t g rav ity  diffusion rem oved two to  four pounds of 

acid  p e r m onth com bined with an e s tim a te  of the to ta l p roduct s to rag e  obtained 

by allow ing the p ro g ram  to run  fo r  a sim u la ted  period  of th re e  o r  four y e a r s .  

The to ta l in itia l s to ra g e  was about 150 pounds of ac id , and assum ing  30 pounds 

of rem oval by g rav ity  diffusion per y e a r , a g rav ity  d iffusion  rem oval r a te  of

0 .1  pound p e r  day. As an o rd e r  of m agnitude e s tim a te , th is  gave 0 .1 /1 5 0 , 

o r  about 0. 0007 p e r  day fo r DIF. To get what was e sse n tia lly  a **trial and 

e r r o r "  approach  s ta r te d , in itia l g u e sse s  of FRAC and DSLV w ere se t equal 

to  DIF. T hese  values w ere  the righ t m agnitude, but gave low p red ic tions.

The values of the th re e  constan ts  w ere  ra ise d  to b rin g  the annual p re d ic ­

tions of acid  load in line with observed  va lues. Once the  annual loads w ere  

in  line , the ’f in e  tuning" o r  m atching of sh o rt te rm  acid  loads was u n d e r­

taken . The inundation rem oval te rm  w as the m ost se n s itiv e  of the th re e  

r a te s  du ring  the f i r s t  th re e  m onths of the y e a r . It i s ,  In p ro c e ss  con tro l 

te rm ino logy , a d e riv a tiv e  function which responds rap id ly  to changes In the 

w a te r tab le . Hence, the inundation constan t FRAC could be used to m atch  

e a r ly  y e a r  in c re a s e s  in acid load. The leaching constan t DSLV is  m o st im ­

po rtan t in t im e s  of high flow so  it could be varied  to produce the b e s t acid  load 

p red ic tio n s  in  A p ril, M ay, and June.
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As each  constan t w as v a ried , the o th er two a lso  had to be ad justed .

D uring the g en era l t r ia l  and e r r o r  evaluation, it w as observed  tha t any 

constan t could be varied  by 30 o r  40 per cent of Its value w ithout g re a t 

dam age to the annual p red ic tion  capability  of the m odel. However such 

v a ria tio n s  in FRAC o r  DSLV could sh ift sh o rt te rm  pred iction  peaks by as 

much as 3 o r  4 w eeks.

Once a ll the even ts probable  in a given volum e have been defined, the 

app rop ria te  te rm s  a re  sum m ed to give the new s to ra g e  contents in the volum e. 

Under norm al c irc u m sta n c e s , no flooding, the new product s to ra g e  in a 

volum e is  the sum  of the r a te s  in Equations 5 -1 , 5 -2 , 5-3, and 5-4  plus the 

p rev ious s to ra g e :

STORE (I, J ,K ) = STORE (I, J , K) + OXIDN(I, J ,K ) + GRAV1N<I, J+ l, K)

-  GRAVOT(I, J , K) -  A O U T (I,J,K ) (5-8)

D uring inundation, the w a te r fo rm s  an oxygen diffusion b a r r ie r  so  that 

oxidation v irtu a lly  c e a se s , and

STORE(I, J , K) = STORE(I, J, K) -  FL O O D (I,J,K ) (5-9)

The to ta l acid  rem oved fro m  the sy stem  is  the sum  of a ll AOUT(I, J .K ), 

and FLOOD(I, J , K) w here ap p ro p ria te , te rm s  plus the GRAVOT te rm s  fro m  

s to ra g e  volum es im m ediate ly  above the w ater tab le . The calcu lation  of 

acid  load as the sum  of a ll acid  rem oval r a te s  a ssu m e s  that oxidation 

products leave the m ine as soon as they e n te r  the ground w ater. The 

sum m ation  of a ll these  rem oval te rm s  plus the ca lcu la tion  of new sto rag e  

quan titie s a re  perfo rm ed  by a d ig ita l com puter. The com puter p ro g ram  

which does these  ca lcu la tions ite ra tiv e ly  to  s im u la te  the passage  of tim e 

w ill be d e sc rib ed  in the follow ing section .
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C om puter P rog ram m ing  of Model

The program m ing  of th is  o r  any o th er m odel is  the re s ta te m e n t of re g u la r  

m athem atica l equations in the p a rtic u la r  fo rm  req u ired  by a d ig ita l com puter. 

T h is language of the com pu ter has a lready  been  in troduced with the I, J , K 

no tation  of the f i r s t  sec tio n  of th is  ch ap te r. The com putational m odel of the 

d r if t  m ine will be d e sc rib ed  in te rm s  of one m ain p ro g ram  and th re e  sub­

ro u tin e s . The m ain p ro g ram  m aintains g en era lity  with reg a rd  to m ost py- 

r i t ic  sy s te m s , but the su b rou tines include sp ec ia l prov isions fo r  a specific  

m ine s i te .  A flow c h a r t  fo r  the m ain p ro g ram  is  shown in F igu re  12, and 

flow  c h a r ts  fo r the sub rou tines a re  shown in F ig u re s  13, 14, and 15.

The m ain p rog ram  has two p rincip le  sec tio n s . The f i r s t  section  handles 

bookkeeping such as defining v a ria b le s , estab lish ing  com putational a r ra y s , 

and se ttin g  in itial va lues. The a r ra y s  a re  the su b scrip ted  v a ria b le s  which 

re p re s e n t  increm ental changes in d is tan ces o r  conditions in d iffe ren t locations. 

The in itia l conditions to be estab lish ed  include a base  da tum  plane, a m ini­

m um  w ater level datum , d im ensions of the coal and sha le  s t r a ta ,  a lkalin ity  of 

ground w a te r, the "w ater sh e d "  a re a  drained  by the m ine, ex p erim en ta l o r  

e s tim a ted  oxidation r a te s ,  and conversion  fa c to rs . The m ost c r i t ic a l  se t of 

in itia l va lues is  the e s tim a te  of oxidation p roducts s to re d  in the sy s te m  fro m  

p rev ious oxidation. T hat is  to say , we a re  b reak ing  into a steady s ta te  sy s ­

tem , and the steady s ta te  point is  n o n -ze ro  in value.

To obtain  in itial s to rag e  va lues, the com pu ter p ro g ram  w as allowed to 

run  fo r a sim ulated  period  of th ree  y e a rs  of oxidation and rem oval. The oxi­

dation  r a te s  w ere  based on 21 p e r cent oxygen level in the m ined-out volume 

sin ce  p r io r  to the s ta r t  o f the observation  period , M cDaniels Mine had been
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open to the a tm osphere . The final s to rag e  values, STORE(I, J , K) w ere  then 

punched out on standard  com pu ter c a rd s  in a fo rm at su itab le  fo r  read in g -in  

a s  data . Once the in itia l conditions have been e s tab lish ed , the  sim ula ted  

daily  m ine behavior can  be calcu lated .

The second section  of the p rog ram , which does the day to day sim ula tion , 

w ill be d e sc rib ed  in te rm s  of a typical run . The f i r s t  s te p  in the sim ulation  

is  the read ing  of m eteoro log ical data . The da te , the inches of p rec ip ita tion , 

hours of du ra tion  of p rec ip ita tion , m ean daily  tem p era tu re  and oxygen concen­

tra tio n  at the  a ir -so lid  in te rface  a re  the input da ta . The p ro g ram  is  w ritten  

in such a m anner that only positive in form ation  such a s  p rec ip ita tion  o r  

changes in the  tem p era tu re  o r  oxygen level need be read  in . The input data 

a re  exam ined to de te rm ine  if any conditions have changed, and the am ount of 

p rec ip ita tio n  is  reco rd ed .

The subrou tine  "DAYS" is  ca lled  to de te rm ine  the num ber of days, 

LTHETA, s in ce  the p revious data input. The p ro g ram  is  ru n  on the  condition 

that p rec ip ita tion  only o c cu rs  on the LTHETA day—w hether th is  is  one day o r 

one m onth f ro m  the prev ious p rec ip ita tion . The p ro g ram  p e rfo rm s the fol­

lowing se t of calcu lations fo r  each day. The com puter v a ria b le s  introduced 

in th is  sec tion  a re  su m m arized  in Table 2.

1. The subroutine  "REMOVE" is  ca lled . T his rou tine , d e sc rib ed  in 

m o re  de ta il on page 78, c a lcu la te s  the ground w a te r flow, and the 

quantity  of w a te r in underground s to ra g e . The fa c to r  DSLV, the 

frac tio n  of s to red  p roducts rem oved each day by leaching, is  a lso  

re tu rn e d  by "REMOVE. "

2. The position of the  w a te r tab le  in re la tio n  to the coal seam  is  d e te r ­

m ined. A w ater leve l, YZERO, equivalent to the  w a te r level in  T est
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Well 6 Is ca lcu la ted  fro m  the value of TANKC using the technique 

shown on page 66, YZERO Is used a s  one end of a parabolic  w ater 

tab ic  which in te rse c ts  the coal seam  a t point XMIN. F ro m  XMIN, 

the w a te r tab ic  is  taken a s  a 20 per cen t downward slope through the 

coal seam . The position of the  w a te r tab le  in re la tio n  to the se am  

is  reco rd ed  a s  WATER(K). The "K" in c rem en ts  a re  counted 

horizon tally  f ro m  the a ir - s o l id  in te rface .

Steps 1 and 2 have fu rn ished  n u m erica l in fo rm ation  fo r calcu lating  product 

rem oval r a te s .  The next s te p s  a re  perfo rm ed  ite ra tiv e ly  over the com puter 

a r r a y  of oxidation s to ra g e  volum es, STORE(I, J , K), fo r  a ll volum es above 

the  w a te r tab le . F o r inundated volum es, the p ro g ram  sk ips to Step 7.

3. The oxygen m ole frac tio n , XNN, in the void volume is  de te rm ined  

using the oxygen g rad ien t equation. (Equation 4 -7 ) The to ta l volum e 

of the  block, DVOL, is  calcu lated . The oxidation, as  pounds of 

oxygen consum ed p e r day, is  de te rm ined .

4 . The quantity of p roducts rem oved by leaching , AOUT, is  ca lcu lated  

using Equation 5-4 .

5. The g rav ity  diffusion in, GRAVIN, and out, GRAVOT, a re  com puted 

using  E quations 5-2 and 5-3 .

6. The te rm s  ca lcu la ted  in Steps 3, 4, and 5 a re  sum m ed to obtain 

the change in p roduct s to ra g e . The p ro g ram  then sk ip s to Step 8.

7. The quantity  of p roducts rem oved fro m  an  inundated volum e is  ob­

tained fro m  Equation 5-7 . Since th e re  is  no oxidation in inundated 

volum es, the  new s to ra g e  quantity is  ca lcu la ted  sim ply by su b trac tin g  

the  quantity rem oved f ro m  the product s to ra g e  value.

8. The quantity o f acid rem oved fro m  each  s to ra g e  volum e is  added to
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the running to ta l, TACID, of acid  rem oved. In addition, su b -to ta ls  

of the am ount of acid  rem oved by each m echan ism  a re  a lso  kept.

A fter the calcu lations have been perfo rm ed  fo r  a ll of the  volum es of the 

STORE(I, J , K) a r ra y , the re s u lts  a re  p rep a red  fo r  output.

9. The acid  load, TACID, is  converted  fro m  an oxygen consum ption to a 

"to tal a c id "  b a s is  by m ultiplying by 200/112. T his is  the sto ich io ­

m e tr ic  ra tio  of 2 HgS0 4  to 7 /2  0 2 when acid ity  is  ex p re ssed  a s  the 

ca lc iu m  carbonate  (CaCO-j) equivalent.

10. The acid load is  then c o rre c te d  fo r  the influence of a lka lin ity  in the 

en te rin g  ground w ater. A value of 20 p a rts  p e r m illion a lkalin ity  

h as  been used fo r the  M cDaniels Mine.

11. The daily acid load is  added to  the cum ulative m onthly, YSUMA, and 

annual, YSUM, acid load to ta ls . S im ila rly , monthly to ta ls  oi r e ­

m oval by g rav ity  d iffusion, GSUM, inundation, FSUM, and leach ing ,

A SUM, a re  a lso  accum ulated .

12. The daily flow, acid  load, and p rec ip ita tion  a re  p rin ted . At the end 

of each  month, a sum m ary  including flow, to ta l acid  load, inches of 

w a te r en te ring  underground s to ra g e , and the acid  rem oval by each 

m echan ism  is  p rin ted .

13. S im ila rly , annual o r  q u a rte r ly  su m m a rie s  m ay be p rin ted . The 

sam p le  p rog ram  in Appendix C shows monthly and annual su m m a rie s .

Once the ca lcu la tions have been perfo rm ed  fo r  one day, the p ro g ram  r e ­

p ea ts . S teps 1 through 12 LTHETA tim e s . On the LTHETA day, the  c a ll of 

the "REM OVE" subroutine includes the  am ount of p rec ip ita tion . "REMOVE" 

p e rfo rm s a ll calcu la tions involving ra in fa ll  and ground w a te r flow s.

S evera l sub rou tines have been w ritte n  to a s s is t  the  m ain p ro g ram . The
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subprogram s w ere w ritten  fo r e ith e r  of two reaso n s. F irs t ,  som e rou tines 

a re  of general use so it is convenient to be able to  move them  from  one m ain 

p rog ram  to ano ther. Second, each subroutine is  compiled independently.

This fea tu re  can g rea tly  sim plify Mdebuggingn and identification of e r r o r s  in 

the p rogram . E r ro r s  can be co rrec ted  im m ediately ra th e r  than propagating 

and giving fa lse  e r r o r  m essages in unrelated portions of the program .

The subroutine "DAYS” de term ines the num ber of days between two con­

secutive  data inputs. The name of the month and the date a re  read into the 

routine which com pares the nam e of the month with the name of the month 

fro m  the preceding input. If the nam es of the months a rc  the sam e, the rou­

tine obtains the d ifference of the two dates and re tu rn s  th is as the elapsed 

tim e, LTHETA. If the months a re  diffei’ent, the routine de te rm ines the  num ­

b e r  of days in the preceding month from  an in ternal data tab le . The old date 

is  sub tracted  fro m  the month length. The difference is  added to  the new date 

to  give LTHETA. The "DAYS” subroutine sim plifies data input since only 

positive inform ation o r changes in conditions need be read  because the tim e 

between changes can be computed. "DAYS" is  a general purpose routine 

tha t can be tra n s fe rre d  from  p rogram  to  program .

The subroutine "EVA P "  de te rm ines the potential evapotransp ira tion  a t the 

M cDaniels T est Mine. Monthly evapo transp ira tion  ra te s  have been calculated 

accord ing  to the Thornthwaite and M ather (42) technique. These values a re  

read  into the m ain p rog ram  as  data and tra n s fe rre d  to the subroutine through 

a Common sta tem ent. The ca ll to the subroutine includes the name of the 

month. "EV A P" finds the evapo transp ira tion  ra te  corresponding  to the 

month fro m  an in te rna l data tab le , and re tu rn s  th is  value to  the calling pro ­

g ram . T his routine can be used fo r  o th er s ite s  if the appropria te
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ev ap o tran sp ira tio n  r a te s  a re  ca lcu la ted  o r  m easu red  and supplied to the p ro ­

g ram .

The m ajo r subrou tine  is  "REMOVE. "  "REMOVE" has been w ritten  to 

c a lcu la te  d ra inage  flow ra te s .  The p ro g ram  a lso  d e te rm in e s  the frac tio n  of 

s to re d  p roducts to  be rem oved  each  day by leaching.

On the  f i r s t  c a ll of "REM OVE" in itia l conditions a re  e s tab lish ed . The 

sh o rt te rm  sto rag e  volum es, TANKA and TANKB, a re  assum ed  to be z e ro . 

The long te rm  w a te r s to ra g e , TANKC, may be assigned  a ze ro  value o r  a 

positive  value. An in itia l value can  be estim ated  by allowing the p ro g ram  to  

ru n  fo r a sim ula ted  period  of 3 to  5 y e a rs , a s  in the e stim atio n  of in itia l 

product s to ra g e . On each succeeding  c a ll of the rou tine , the follow ing se t 

o f opera tio n s is  perfo rm ed .

1. The daily  potential ev ap o tran sp ira tio n  is  de te rm ined . The m onthly 

m axim um  ev ap o tran sp ira tio n  is  obtained by ca lling  "EVAP. " The 

value is  then converted  to a daily  value by dividing by the length of 

the  month. The daily  value is  then reduced  depending on the m ois­

tu re  in the ground. The d r ie r  the  ground, the le s s  the w ater n e a r 

th e  su rface  to evapora te  o r  to be used  fo r  p lant grow th.

If th e re  h a s  not been any p rec ip ita tio n  on the day being sim u la ted , the 

p ro g ram  b y -p a sse s  the follow ing two s te p s  and goes d ire c tly  to the calcu lation  

of ground w a te r flows In Step 4.

2. In filtra tio n  capacity , RCAP, of the ground is  ca lcu la ted . The to ta l 

capacity  of the so il, TCAP, is  taken  a s  the sum  of RCAP and 

D EFICT, the defic iency in roo t w a te r s to rag e . D EFICT is  the  dif­

fe re n ce  betw een the p rov isional w a te r holding capac ity , PWHC, and 

the  actual roo t w a te r s to ra g e  leve l, PWATER.
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The actual ra in fa ll , RAIN, is  com pared  with TCAP, and the low er 

of the two values isu sed  a s  the quantity  of w a te r, RNET, penetra ting  

th e  su rfa ce  of the so il. E xcess w a te r is  a ssum ed  to be lo s t a s  s u r ­

face  runoff. Up to 90 p e r cent, If re q u ire d , o f RNET is  used to 

re c h a rg e  the w a te r s to ra g e , PWATER of the roo t s t ru c tu re . Ex­

c e s s  w a te r, ADD, is  added to TANKA, the f i r s t  s to ra g e  o r  delay 

volum e. If the  ground is  fro zen , the e x ce ss  w a te r is  assigned  to 

longer te rm  s to ra g e  in  TANKB.

F ro m  20 to 40 p e r cen t of the con ten ts of TANKA is  tra n s fe r re d  daily  

to  the m ain underground s to ra g e  volum e, TANKC. The frac tio n  

w hich is  tra n s fe r re d  is  p roportional to  the value of TANKC. T his 

dependence s im u la te s  the m ore rap id  w a te r flow when the ground is 

w e tte r .

W ater held in TANKB is tra n s fe r re d  to TANKC only a fte r  the tem p er­

a tu re  r i s e s  su ffic ien tly  to m elt the snow. F o r a re a s  such a s  sou th ­

e a s te rn  Ohio, w here  snow s usually  m elt in a reasonab ly  sh o rt tim e 

ra th e r  than accum ulating  to g re a t dep ths, W isle r and B ra te r  (44) 

have suggested  th a t the  ra te  of m elting  can  be re la te d  to  the  d eg ree  

days above freez in g . They su g g est using  an e s tim a te  of a tenth  of 

an  inch of w a te r equ ivalent fo r  each  d eg ree  day above free z in g  .

T h is w a te r is  then  tre a te d  the sam e  a s  o rd in a ry  ra in  w ith re g a rd  to 

in filtra tio n  ra te  and capacity .

The d ra inage  flow , FLOW, is  ca lcu la ted  a s  a function of TANKC and 

the d ra inage  a re a ,  WSHED, of the m ine. The function th a t gives 

the  b e s t c o rre la tio n  with ex is ting  data  is  a l in e a r  dependence. The 

goodness o f f i t  of r e a l  and s im u la ted  flow d a ta  w ill be shown in
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F ig u re s  1C and 17. In addition to the  flow out through M cDaniels 

T e s t Mine, w a te r flows out through o th e r openings in the  overburden . 

T h is ex tra  flow is  a lso  proportional to underground s to ra g e , TANKC. 

D uring wet se aso n s , th is  additional flow may exceed the flow through 

the  m ine. The value of TANKC is  d e c rea se d  in acco rd  with to tal 

quantity  of calcu la ted  flow.

7. DSLV, the frac tio n  of sto red  products rem oved daily by leaching, is  

com puted. As shown by Equation 5 -5 , DSLV is  a function of the ra te  

of w a te r addition to ground w ater s to ra g e .

8. C ontro l is re tu rn e d  to the  m ain p rog ram .

Although "REMOVE" is  based  on g en era l hydrologic p rin c ip le s , the con­

stan ts  used in the p rog ram  can  only be evaluated  in te rm s  of a r e a l  system . 

.F a c to rs  obtained by exam ining re a l data f ro m  M cDaniels T es t Mine include 

the "w ater sh ed "  a rea  of the  m ine, the re sp o n se  tim e of d ra in ag e  flow to p re ­

c ip ita tion , the w ater s to ra g e  capacity  of the geologic s tru c tu re , and a snow 

m elt c r i te r io n .

The 'V a te r  shed" a re a  w as estim ated  by back calcu lating  fro m  the ob­

se rv ed  y e a r ly  to ta ls  of d ra in ag e  flow and p rec ip ita tion . W ater lo sse s  such 

a s  evapo transp ira tion  w ere  then sub trac ted  fro m  the p rec ip ita tio n  to give a 

"net"  ra in fa ll. The net ra in fa ll and observed  d rainage  w ere then used to c a l­

cu late  the  "w ate r shed" of the m ine. In the M cDaniels c a se , th is  a rea  was 

27, 000 sq u a re  fee t, o r  about tw o -th ird s  of an  a c re . In te rm s  of a v isual ob­

se rv a tio n  of the  s ite , th is  is  a reasonab le  e s tim a te . Since the drainage a re a  

of the m ine is  so sm all, it  w as v irtua lly  im possib le  to m ake exac t ca lcu la tions 

of w a te r s to ra g e  o r  tim e re sp o n se . T h ere fo re , the technique of exam ining 

re a l data w as used.



W ith s lig h t m odifications "REM OVE" could be used to e s tim a te  d rainage  

flow  r a te s  f ro m  the auger holes a t the M cDaniels R esea rch  Site. The m ain 

change w ill be th a t each auger hole w ill have a d iffe ren t s ize  d ra inage  a re a .

It w ill a lso  be n e c e ssa ry  to c o n s id e r that the ho les a re  tubu lar and extend a 

re la tiv e ly  g re a t d is tan ce  into the h ills id e  in com parison  to the wedge shape 

of M cD aniels M ine. The cold w eather c r ite r io n  m ust a lso  be exam ined since 

auger hole flows in c re a se  in cold w eather ra th e r  than m aintaining a re la tiv e ly  

co n stan t low flow ra te  as does the  te s t  m ine. The likely explanation fo r  the 

in c re a se d  flow is  that the su rfa ce  of the ou tcrop  in which the ho les a re  d rilled  

f r e e z e s ,  and a ll w a ter m ust u se  the  ho les as ex its .

To apply "REM OVE" to o th er sy s te m s the follow ing in form ation  m u st be 

availab le :

1. In filtra tion  capacity  of so il

2. System  resp o n se  tim e  to p rec ip ita tion

3. W ater shed a re a  of m ine

4 . W ater s to ra g e  capacity  of geologic s tru c tu re

5. Cold w eather w ater behav io r c r ite r io n

Of th e se  five i te m s , only the w a te r shed es tim ate  Is an absolute req u irem en t 

fo r  o th e r s i te s .  F o r  the o th er fo u r fa c to rs , the M cDaniels data a re  adequate 

f i r s t  approx im ations.



CHAPTER VI

VERIFICATION OF MODEL

The validity of the py ritic  system s model which has been developed can  be 

evaluated by using the model to sim ulate mine drainage behavior fo r a period 

during which th e re  a re  na tu ra l data. Such a com parison  has been made by 

sim ulation of the period from  1967 through 1970 fo r M cDaniels T est Mine.

The com puter p rogram  was run using the physical descrip tion  of the mine 

and m eteorological data a s  inputs. The experim ental vara tions of oxygen 

in  the mine atm osphere w ere a lso  included in the data. The output fro m  the 

•program  was the daily d rainage, in gallons, and the acid load, in pounds.

In addition, monthly and annual to tals of d rainage  and acid load w ere prin ted.

The day by day predictions of the model have been graphically  com pared 

with the na tu ra l observations. The drainage flow ra te s  a re  shown in F igures 

16 and 17, and the acid loads a re  com pared in F igures 18 and 19. Insufficient 

sh o rt te rm  acid load data a re  available fo r 1967 so monthly average values 

a re  used fo r  the actual data . A hydrologic y e a r  beginning with the October 

d ry  season ( in Ohio ) has been used as the tim e b a s is . This choice sim p li­

f ie s  v isualization of the cyclic  nature of acid mine drainage ra te s .

The data in F igures 16 to  19 show the capability  of the model to pred ict 

the sharp  peaks of d rainage and acid load in the sp ring  of each y e a r. L ike­

w ise, the fig u res show the steady decline of flow ra te s  through the sum m er 

and fa ll. The su ccess  of the model in predicting  sh o rt te rm  varia tions has

fulfilled a m ajor objective of th is investigation. Such a sh o rt te rm  response
83



Fl
ow

, 
G

al
lo

ns
 

Pe
r 

D
ay

700

LEGEND600

Actual
Predicted500

400

300

200

100

Oct JulyApr July AprOct JanJan

1967 1968

Figure 16 — Drainage Flows fo r 1967 and 1963 Hydrologic Years



Fl
ow

, 
G

al
lo

ns
 

Pe
r 

D
ay

700

6 00
LEGEND

500

400

300

200

100

Oct. Jan. Apr Oct.July Jan. Apr July

1969 1970

Figure 17 — Drainage Flows for 1969 and 1970 Hydrologic Y ears
00w



Ac
id 

Lo
ad

, 
Po

un
d 

/ 
D

ay

2.0

LEGEND
Actual
Predicted

0.8

0.4

Apr.Oct. Jon. JulyApr. JulyOct. Jan.

1967 1968

Figure 18 — Acid Loads for 1967 and 1968 Hydrologic Y ears

o
Ci



Ac
id 

Lo
ad

, 
Po

un
ds

 
Pe

r 
D

ay

2.0

LEGEND

Actual
Predicted

11

0.8

0.4

July Oct.Jan. Apr.Oct. Jan. Apr. July

1968 1969 1970

Figure 19 — Acid Loads fo r 1969 and 1970 Hydro logic Y ears
00
-a



88
is  n e ce ssa ry  if the m odel is  to be used to p red ic t peak loads fo r use in  the 

design  of trea tm e n t fa c ilit ie s . S im ila rly , the opera tion  of ex isting  trea tm e n t 

p lan ts  may req u ire  knowledge of when peak acid  loads will occu r.

W hile the ag reem en t of p red ic ted  and observed  sh o rt te rm  data is  d e s i r ­

ab le , the validity of the model in the  g en era l c ase  may depend m ore  on the 

long range  p red ic tions. Table 3 su m m arize s  the m onthly and annual (on 

a c a len d a r y e a r  b a s is )  d rainage  flows and acid loads. In th is  tab le  it can  be 

se en  that monthly p red ic tions a re  generally  within 20 per cent of the m eas­

u red  r a te s ,  and that annual va lues a g re e  within 5 p e r  cen t. The goodness of 

f it  of long te rm  data is  im portan t s ince  th e re  w ere  la rg e  y e a r  to y e a r  v a r i­

a tio n s in acid load because  of the v a ria tio n  of oxygen levels in the m ine 

a tm o sp h ere .

The p rac tic a l significance of the ag reem en t of long range p red ic tions and 

o b se rv a tio n s  Is that fo r unmanned trea tm e n t fa c ili t ie s  in iso la ted  a re a s ,  the 

m odel could be used to e s tim ate  the quantity of tre a tm e n t chem icals  which 

m u st be availab le . The model can  a lso  e s tim ate  how often the ch em ica ls  

m u st be rep len ished .

A word of w arning should be issu ed  before  the  m odel is  s trong ly  p ra ised  

o r  condem ned fo r  the level of ag reem en t w ith the n a tu ra l da ta . The n a tu ra l 

m easu rem en ts  a re  based  on flow sam p le s  co llec ted  fo r  10 o r  IS second in te r ­

va ls  once o r  tw ice each  week. O bviously, the re lia b ility  o r  the  com parison  

would be im proved if sam pling  frequency  w ere  in c re ased .

When the acid  rem oval w as d iscu ssed  in C hap ter IV, the d esc rip tio n  of 

th re e  d ifferen t rem oval m echan ism s was em phasized . The im portance  of 

each  of these  m echanism s in the ac tu a l sim ula tion  is  shown in T able 4. The 

annual acid  loads a re  com pared  w ith the quantity of acid  rem oved by each
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TABLE 3

MONTH BY MONTH COMPARISON OF PREDICTED AND OBSERVED DATA

Date D rainage Flows, gallons 
M easured P red icted

Acid Loads 
M easured

, pounds 
Pred icted

1968
January 7560 5712 5. 7 5 .5
F ebruary 6090 5853 9. 5 7 .0
M arch 7510 7852 12.6 13.7
A pril 10350 11513 23. 0 31 .7
May 16300 14504 39 .5 34 .6
June 8610 13798 16.8 23.1
July 8700 9794 12.4 8 .1
August 8500 8471 11.4 6 .9
Septem ber 7000 7063 7.2 4 .8
O ctober 6360 6605 5. 5 5 .0
Novem ber 5670 6076 4 .8 5 .6
D ecem ber 6550 6588 5 .4 6 .8

Total 99000 104000 154 153

1969
January 6780 6749 7 .9 7 .6
F ebruary 7200 7891 12.7 17.0
M arch 6920 7012 9 .7 5 .0
A pril 11250 9604 2 5 .4 23.1
May 12000 10631 20. 7 22 .9
June 9030 8960 10,2 11.2
July 8100 7820 6 .7 4 .9
August 7240 7300 5 .0 5 .9
Septem ber 5730 6092 3 .2 3 .9
O ctober 5680 5671 3 .4 4 .0
November 5520 5775 2 .8 5.1
D ecem ber 5400 5472 . 2 t &

Total 89000 88960 112. 114.

1970
January 5850 5631 3 .1 4 .4
F ebruary 6100 5485 5 .2 5 .0
March 9000 8092 8 .5 9 .8
A pril 9870 9792 12 .5 18.8
May 11780 9812 14.9 13.7
June 9600 9673 7 .7 11.4
July 8740 8471 5 .1 3 .7
August 7690 7823 5 .0 3 .1
Septem ber 7290 6751 3 .7 2 .2
October 6940 7080 3 .1 2 .9
Novem ber 8100 7043 4 .1 2 .5
D ecem ber 9300 $ .2

Total 99000 93776 78. 83.
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method. ( The annual to ta ls  in Table 4 a re  less  than the sum s of the three 

sep ara te  ra te s  since only the to ta l includes the influence of a lkalin ity  in the 

ground w ater. For the case  of 20 p a rts  per m illion alkalinity in the w ater, 

the acid reduction is about 17 pounds per y e a r  fo r 100, 000 gallons of flow. )

TABLE 4

COMPARISON OF ACID REMOVAL RATES

Acid Removal M echanism  . Observed
Y ear Gravity Diffusion Inundation Leaching Total

(pounds/year) (pounds/year) (pounds/year) (pounds/year)

1967 31.8 19.6 38.6 74.

1968 48 .7 40.6 80 .9 153.

1969 45.2 32.2 51.8 114.

1970 30.1 19.2 49 .8 78.

Leaching rem oval is  the m ost im portan t m echanism , contributing about 

50 per cen t of the acid load, inundation rem oval is  responsib le  fo r  20 per cent 

of the ac id , and the rem ain d er is  rem oved by g rav ity  diffusion. As would be 

expected from  the descrip tion  of the m echanism s, g ravity  diffusion fluctuated 

le ss  from  y e a r to y e a r  than did the leaching and inundation rem oval ra te s .

The diffusion is independent of the quantity and frequency of p recip ita tion  

which se rv e s  as the driv ing  fo rce  for the o ther m echanism s. The re la tive  uni­

fo rm ity , o r  lack thereof, may be seen  in m ore de ta il by exam ining the sam ple 

output fo r  1970 shown in Appendix C. F o r a ll m onths, gravity  diffusion is 

always two o r  th ree  pounds while leaching and inundation rem oval have sharp
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peaks In the sp rin g . The r e s t  of the y e a r  inundation rem oval v irtu a lly  

c e a se s , and leaching rem oval is  a t about the sam e level as g rav ity  diffusion 

with occasional peaks co rrespond ing  to ra iny  p e rio d s . S im ulation data  fo r  

o th e r y e a r s  a lso  show th is  p a tte rn . T here  a re  even g re a te r  peaks in the 

inundation and leaching ra te s  fo r  the very  high acid load y e a r , 1968.
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CHAPTER VH

UTILIZATION OF MODEL

Although a model capable of d e sc rib in g  past even ts a t a d r if t  m ine has been  

developed, the actual objective  of th is investigation , nam ely  to m ake p red ic ­

tions, m ust s ti l l  be accom plished . The use of the m odel of a d rif t mine fo r  

p rognostica ting  fa lls  into two a re a s :

1 P red ic tio n  of what w ill happen under d ifferen t conditions a t 

M cDaniels T es t Mine.

2 . Showing how the model may be genera lized  fo r  u se  with o ther 

p y ritic  sy s te m s.

P red ic tio n s

The b e s t te s t  of any m odel is  how w ell it can  fo re te ll  what will happen 

when pertu rb a tio n s a re  im posed on the sy s te m  in question . F o r a d rif t m ine, 

the p ertu rb a tio n  of m ost in te re s t  is  the exclusion  of oxygen fro m  the a tm o s­

p h e re . At th is  w riting , in e a r ly  1971, M cDaniels T es t Mine has been under 

a positive  p re s su re  of n itrogen  fo r  o v e r a y e a r . The oxygen level in the 

m ined-out volum e has been reduced to  le s s  than one per cen t, and the acid  

loads fro m  the mine have s ta r te d  to d e c re a se . The question  to be answ ered , 

o r  p red ic ted , is  how long flow fro m  the m ine w ill rem a in  ac id ic . The answ er 

is  ,fprobably a very  long tim e "  if one c o n s id e rs  tha t oxygen d isso lved  in w a te r

93
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will continue to en te r the m ine. P rac tica lly  speaking, th e re  is  very little  

oxidation occu rring , so the re a l prediction is how rapidly sto red  products 

w ill be rem oved.

The product rem oval ra te  in the model has been re la ted  to the in filtration  

of w ater fro m  the surface  of the ground. The ra te  of in filtra tion  in tu rn  is 

dependent on the level of precip ita tion . T herefo re , a num ber of predictions 

a re  possible depending on the e stim ate  of precip ita tion . The b e s t source of 

p recip ita tion  data is  m eteorological rec o rd s  from  previous y e a rs . During 

the  1965 to 1970 period, the ra in fa ll in sou theaste rn  Ohio ranged fro m  30 to 

45 inches per y e a r. In 1968 th e re  w ere 45 inches of ra in  including nearly  13 

inches in May. In 1967 and 1969, precip ita tion  totaled only 30 inches. Since 

the annual average rainfall is  about 38 inches in the region, the 30 and 45 inch 

y e a rs  probably rep re se n t ex trem es. T herefo re , duplicates of 1968 and 1969 

w ill be used as sam ple data fo r  wet and d ry  y e a rs . The p rim e reason  fo r 

using existing  ra in fa ll data fo r  generating  pred ictions is  to  in su re  that the 

n a tu ra l pa ttern  of s to rm s and d ry  spe lls  is  included. Another reason  fo r 

using the ex isting  data is  that the p rogram  re q u ire s  tem p era tu re  data, and 

these  a re  a lready  available in the data decks fo r  preceding y e a rs .

Two se ts  of p redictions have been undertaken. The m ore im portan t one 

is  determ ining  what will happen if the low oxygen level is  m aintained in Mc­

D aniels Mine. The second se t in v es tig a te s  the effect of im posing changes on 

the  sy stem  a t d ifferen t points in the hydrological y e a r . The in itia l product 

sto rag e  and hydrologic conditions fo r the predictions w ere estab lished  by 

allowing the  p rog ram  to run through the norm al 1967 to 1970 sim ulation.

The prediction  of what w ill happen if the c u rre n t low oxygen level is  m ain­

tained w ill be useful in evaluating the n itrogen  addition experim ent of Smith
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and Shum ate. (37) On the b asis  of an observed  d e c re a se  in acid  load of 30 

p e r cen t during  the past y e a r , acid loads should be reach ing  a ve ry  low leve l 

w ithin two y e a rs . To check  th is  hypothesis, the sim ula tion  of two y e a rs  a t 

M cD aniels Mine has been run  fo r  c a se s  of above and below av erag e  ra in fa ll. 

T hese c a se s  b rack e t the expected p rec ip ita tion  and rem oval r a te s  and give 

the range  of tim es that w ill be req u ired  to achieve a d e s ire d  m inim um  acid 

load level.

The re s u l ts  fo r the two c a se s  a re  rem ark ab ly  s im ila r . About 35 pounds 

of acid  rem oval is  p red icted  fo r  1971 and about 20 pounds fo r  1972 In each  

c a se . Since the re s u lts  a re  iden tica l, only the p red ic tions fo r  the high ra in ­

fa ll c a se  a r e  shown in F ig u re  20. The expectation of a su b stan tia lly  h igher 

ra te  fo r  the  wet y e a r  was based  on the high acid loads in 1968 which included 

a period when oxygen w as being injected into M cDaniels Mine.

The b rea k s  in the cu rve  in F igure  20 indicate  periods when the p rog ram  

p red ic ts  a lkaline  d ra inage  fro m  M cDaniels Mine. The ac tu a l fu lfillm en t of 

th is  p red ic tion  depends on the  valid ity  of the  e s tim a te  th a t ground w ater 

en te ring  the mine contains 20 p a rts  p e r m illion a lka lin ity . A lso to be v e r i­

fied a t som e point in the fu tu re  is  the ta c it  assum ption  tha t no acid  is  d iffusing 

into o r  o therw ise  en te rin g  the  d ra inage  fro m  outside the s ta ted  boundaries of 

the sy s te m . W hether o r  not the observed  d ra inage  e v e r  becom es alkaline 

a t M cD aniels M ine, the acid  load should be down to 20 o r  25 pounds p e r y e a r  

by 1972. On a concen tra tion  b a s is , th is  is  about 20 p a r ts  p e r m illion acid ity  

in the d ra in ag e .

In the second sim ula tion  experim en t the  e ffec ts  of the tim ing  of changes in  

the concen tra tion  of oxygen in the mine a tm osphere  w ere  stud ied . The s itu ­

ation that has been stud ied  a ssu m e s  tha t the oxygen level a t the M cDaniels
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Mine was re tu rned  to 21 p e r  cen t as In norm al a i r .  Two c a se s  have been 

exam ined:

1. The oxygen level was ra ise d  on January  1, 1971. In th is  ca se  the 

change im m ediate ly  p reced es the w e tte st part of the  y e a r .

2. The oxygen level w as ra ised  on Ju ly  1, 1971. In th is  c a se  the 

change follow s the ra in y  season .

F o r th is  experim ent, the  av erag e  ra in fa ll y e a r , 1970, was used a s  the data 

so u rce .

The re s u lts  of th is  experim en t a re  shown in F igure  21. F o r C ase 1, 

w here  the  oxygen level w as changed in January , th e re  is  a rap id  sy s tem  r e ­

sponse in te rm s  of in c re ased  acid  load. The curve  plotted fo r  C ase  2 during  

the f i r s t  ha lf of 1971 re p re s e n ts  the acid load if the n itrogen  addition had been 

•continued during  tha t period . F o r Case 2, the resp o n se  to  in c reased  oxygen 

leve ls  a p p ea rs  m ore slow ly. However, if the C ase 2 cu rve  in F ig u re  21 is  

com pared  with the continued addition curve  in F igu re  20, it is  ap p aren t tha t 

th e re  a r e  sligh t in c re a se s  in acid  load even when the  re in troduction  of oxygen 

into the  m ine was done during  the d ry  season . Significant in c re a se s  in acid 

load fo r  C ase 2 do not ap p ea r until the wet sp e ll in la te  D ecem ber.

In  th e  second y e a r  of the sim ula tion , d iffe ren ces  in acid load fo r  the two 

c a s e s  becom e sm a lle r . However, the fac t th a t d iffe rences in  acid  load s ti ll  

e x is t a y e a r  a fte r  oxygen w as re s to re d  to the  m ine a tm osphere  can  be taken 

a s  ev idence of the slow ness of the  tim e resp o n se  of the sy s tem . T his delay 

in change of d rainage com position  is  in acco rd  w ith the observations of Sm ith 

and Shum ate (37) in  the n a tu ra l labora to ry  study . They had e stim ated  lag  

tim e s  fo r  M cDaniels Mine in the  range fro m  s ix  m onths to one y e a r .

The sim ulation  e x p erim en ts  that have been  run  a re  exam ples of te s ts
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that can be perfo rm ed  with o u r m odel. O ther investigations could include 

the use o f z e ro  o rd e r  oxidation ra te  (oxygen concen tra tion  independent) o r  

evaluating the e ffec ts  of " leak ag es"  of oxygen into the mine through the o v e r­

burden . The m ost im portan t u se  of the m odel s t i ll  to be d esc rib ed  is  the 

application to o th e r p y ritic  sy s te m s . This topic w ill be d isc u sse d  in the 

following sec tion .

G enera lization  of Model

A m odel h as  been developed which well d e sc r ib e s  the flow of acid ic  m ine 

d rainage  f ro m  a specific  d r if t  m ine. T his m odel includes physical, chem i­

c a l, hydro log ical, and m eteoro log ica l fe a tu re s  of the m ine en v iro n s . To 

convert th is  spec ific  model to a g en era l model of py ritic  sy s te m s , two leve ls  

.of g en era lity  m ust be co n sid ered . The f i r s t  level is  that of g eo m etric  s im i­

la r ity  to o th er d r if t  m ines. At th is  lev e l ou r m odel is v irtu a lly  a genera l 

m odel. The second level of g en era lity  is  chem ical s im ila r ity  to  any o th e r 

sy s tem  containing oxidizable p y rite —such a s  re fu se  p iles o r  au g er ho les.

At th is  lev e l, the  spa tia l configura tion  is  d iffe ren t and lim its  the use of co­

o rd inate  based  fea tu re s  of the d r if t  mine m odel, to  say  nothing of possib le  

m echan istic  d iffe ren ces .

G eom etric  S im ila r ity :

The u tiliza tion  of the m odel in c a se s  of geom etric  s im ila r ity  can  be con­

s id e red  in  te rm s  of the underly ing  assum ptions and input data  req u ire m e n ts  

fo r  the two p a r ts  of the m odel—oxidation and product rem o v a l. The oxidation 

m odel re q u ire s  physical and chem ica l in form ation  about the  m ine. P h y sica l 

data  include th e  length of the exposed coal fac e , the num ber and th ick n ess  of 

coal and sh a le  la y e rs  in the se am , and the po rosity  of the py rite -con ta in ing
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s tra ta . Chem ical data include pyrite  reactiv ity  and oxygen concentration  in 

the  m ined-out volume. If the requ ired  inform ation is  not availab le, c e r ta in  

approxim ations can be made. F o r exam ple, in a mine containing only open 

room s, the p e rim e te r  of the m ine cavity can be used to  estim ate  the length 

of exposed coal face. If the mine contains p illa rs  o r  passagew ays, the s u r ­

faces of these  m ust be considered  as part of the exposed a re a . The perim ­

e te r  of a p illa r  could be used a s  a m easure  of the exposed length, but it m ust 

be rem em bered  that the volume to su rface  ra tio  is  low er fo r a p illa r  than fo r 

a wall. Hence, th e re  will be le s s  oxidation products form ed per unit a re a  of 

p illa r than fo r  the sam e area  of reg u la r w all. Using the length of exposed 

coal face  is  based on the assum ption of a uniform  atm osphere in the m ined- 

out volum e. The com puter p rog ram  has been w ritten  to handle varying con­

ditions along the exposed su rface  (this is  the ,rIH d irec tion ), but the tim e 

req u ired  fo r  com puter calcu lations in c reases  linearly  with each increm ent 

of change in conditions along the su rface .

In the  absence of porosity and reactiv ity  data , oxidation ra te  data of the 

type tha t L arez  (18) reported  may be used. In fac t, the com puter p rog ram  

fo r  th is  model has been w ritten  under the assum ption that such data w ill be 

used .

A ctual data a re  requ ired  to d esc rib e  the num ber and th ickness of coal and 

shale la y e rs  in the seam . F inally , th e re  m ust be an estim ate  of the bulk 

oxygen concentra tion  in the m ine. S tarting with the bulk oxygen level and 

rea c tiv ity  da ta , the oxygen g rad ien ts within the s tra ta  can be calculated  using 

Equation 4-7 .

The ra te  of rem oval is  determ ined  a s  the sum  of the ra te s  of rem oval by 

th ree  m echan ism s. The usefu lness of th is p a rt of the model in the general
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c a se  m ust be evaluated in te rm s  of the su itab ility  of each  m echanism .

The dependence of the g rav ity  diffusion ra te  on the concen tra tion  of 

s to re d  p roducts is  fundam ental to  the defin ition  of d iffusion. The value, 

D IFFG (J), used fo r  the frac tio n  of p roducts moved da lly  by g rav ity  diffusion, 

w as chosen  on the b a s is  of experim en ta l observation  and by c o rre la tio n  of 

acid  loads under low w a te r flow conditions a t M cDaniels M ine. The fac t th a t 

two independent evaluation techniques y ie ld ing  s im ila r  v a lu es of the g rav ity  

diffusion coeffic ien t indicate  that the value could have g e n e ra l app licab ility .

The leach ing  rem oval m echan ism  has been re la ted  to the trick lin g  of w a te r 

downward fro m  the su rfa c e  a fte r  p rec ip ita tio n . The valid ity  of th is  m echa­

n ism  in the  g en era l c a se  la rg e ly  depends on the s tra ta  overlay ing  the coal 

seam . If th e re  is  an im perv ious la y e r  which blocks the perco la tion , no w a te r  

is  availab le  fo r  leaching . W here th e re  is  a highly fra c tu re d  sandstone o v e r­

bu rden , a s  a t M cD aniels Mine, perco la tion  is  rap id , and leaching is  an 

im p o rtan t rem oval m echan ism . Since th e re  a re  very  few to ta lly  im perm eab le  

fo rm atio n s , leach ing  rem o v al w ill o ccu r in m ost m ines. The overburden  

w ill influence the  tim e  delay  betw een p rec ip ita tio n  and observed  changes in 

the leaching ra te . The constan ts  in the m odel derived  f ro m  M cDaniels data  

re p re se n t a tim e  delay  of two to fo u r days depending on the  w etness of the 

so il. F o r  overbu rden  le s s  perm eab le  than  frac tu red  sandstone , the  tim e de­

lay w ill be g re a te r  and the observed  re sp o n se  w ill be f la t te r ;  that is ,  th e re  

w ill be no sh a rp  in c re a s e s  in acid  load a f te r  a s to rm .

P ro d u c ts  can  only be rem oved by inundation if the coal seam  lie s  in the 

range  of m ovem ent o f the w a te r tab le . Evaluation of th is  rem oval m echan ism  

fo r  d iffe ren t s i te s  re q u ire s  specific  in fo rm ation  about the location of the py­

r i t ic  m a te r ia l re la tiv e  to the w a te r tab le . In  our te s t  c a s e , w a te r tab le



fluctuations have been d escrib ed  by using  a c o rre la tio n  based  on m easu red  

w a te r lev e ls  in  a te s t  well and the  p ro g ram  w a te r s to ra g e  v a riab le , TANKC. 

T his is  a spec ific  c o rre la tio n  fo r  a p a rtic u la r  m ine. An im p o rtan t rea so n  

fo r  using th is  c o rre la tio n  has been  to  sim plify  the evaluation  of o th e r  p a rts  

of the m odel. As h as been  explained in C hap ter VI, inundation rem oval is  

a t  a m axim um  e a r ly  in the y e a r  and a t  a very  low leve l the  re m a in d e r of the 

y e a r . On an annual b a s is , inundation rem oval accoun ts fo r  about 20 p e r  cent 

of the  to ta l acid  rem ova l. If p re c ise  e s tim a te s  of inundation rem oval a re  r e ­

qu ired  a t  o th e r  s i te s , te s t  w ells o r  o th e r hydro log ical techniques m ust be 

used to d e te rm in e  the location and fluctuations of the w a te r tab le  re la tiv e  to 

the coal seam . (32) If exact rem oval va lues a re  not needed, o r  w a ter tab le 

data  a re  not av a ilab le , qualita tive  e s tim a te s  of the e levation  of the co a l seam  

re la tiv e  to sp rin g s  o r  su rfa ce  flow m ay be used to  d e te rm in e  the im portance  

of inundation rem oval.

In  g e n e ra l, the  rem oval r a te s  a r e  dependent on underground w a te r m ove­

m ent. The ca lcu la tion  of w a te r flow  v a ria tio n s  in o u r m odel is  based  on 

fundam ental in fo rm ation  such  a s  in filtra tio n  capacity , po ten tial ev ap o tran sp i- 

ra tio n , and m eteo ro log ica l d a ta . A num ber of techn iques have been  d escrib ed  

fo r d e te rm in in g  in filtra tio n  cap ac ity . ( I I )  T hom thw aite  and M ather (42) have 

p resen ted  a m ethod to  e s tim ate  potential ev ap o tran sp ira tio n  if  the  la titude  and 

vegetative  c o v e r a re  known fo r  the s ite  in question . Monthly su m m a rie s  of 

w eath er da ta  a re  published by the E nvironm ental Data S erv ice . (9) F ro m  

the fundam ental in form ation , the day to  day flow v a ria tio n s  can  be p red ic ted .

In the m odel, the m agn itude of peak flow s, re la tiv e  to  flb a se "  flow s, h as  been 

con tro lled  by the assum ption  th a t a s  underground w a te r s to ra g e  in c re a se d , 

m o re  d ra in ag e  o u tle ts  becam e ava ilab le  through the  overbu rden . T hese
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paths could be through c ra c k s , c re v ic e s , and porous s t r a ta .  T his a ssu m p ­

tion  req u ire d  th a t an  e m p iric a l constan t be evaluated  f ro m  c o rre la tio n s  of 

e x is tin g  M cD aniels flow d a ta . A pplication of the flow  ra te  p red ic tion  m odel 

to o th e r  m ines re q u ire s  a t  le a s t  a qualita tive  evaluation  of th is  assum ption  of 

a lte rn a te  flow paths during  the "w et" seaso n .

P re c ip ita tio n  falling  a s  snow is  trea te d  a s  being delayed until te m p e ra ­

tu re s  above free z in g  o c cu r. The ra te  a t which the  snow m elts  is  p roportion ­

a l to  th e  num ber of d e g re es  above freez in g . (44) The m elted  snow is  tre a te d  

a s  an equ iva len t am ount of ra in fa ll  a s  f a r  a s  flow ra te  ca lcu la tions a re  con­

c e rn ed . T h is way of com puting snow m elt is  based  on the assum ption  tha t 

in the M cD aniels Mine a re a ,  so u th eas te rn  Ohio, snow m elts  throughout the 

w in ter r a th e r  than accum ulating  to g re a t depth, and then  m elting in the 

sp r in g . Depending on the type of w in ter, o th e r  techniques have been de­

sc rib ed  fo r  ca lcu la ting  snow  m elt runoff r a te s .  H ow ever, the ac tual 

e s tim a te  of w a te r flow is  u sua lly  obtained by c o rre la tio n  of data fo r  each  

s i te . (44)

F ina lly  to use  o u r m odel, the in v es tig a to r m ust ob tain  an e s tim a te  of the 

"w a te r s h e d "  a re a  of the m ine being stud ied . T his value co n tro ls  the m ag­

nitude o f  flow  p red ic tio n s, but h a s  no influence on the ra te  of product rem o v a l 

o r  fo rm atio n . The a re a  does influence the concen tra tion  of ac id ity  in the 

d ra in a g e . H ie  concen tra tion  of acid i s  an im p o rtan t b io logical considera tion . 

Since M cD aniels Mine is  a re la tiv e ly  sm a ll ho le—six  hundred sq u a re  fe e t— 

in a re la tiv e ly  la rg e  h ill, th e re  is  no p ra c tic a l way to d ire c tly  e s tim a te  the  

a re a  w hich d ra in s  through the  m ine. (32) T h ere fo re , the  d ra inage  a re a  w as 

d e te rm in e d  by an in d ire c t ca lcu la tio n . D rainage and ra in fa ll r a te s  w ere  

known, and ev ap o tran sp ira tio n  could be e s tim a te d . (42) A m a te ria l ba lance



of w a te r was developed. F ro m  th is  a "w ater sh ed "  a re a  of 27 ,000  sq u are  

fee t, o r  about tw o -th ird s  o r  an a c re , was de te rm ined .

The use of back ca lcu la tion  to e s tim ate  the  d ra inage  a re a  im p lies that 

som e flow  data m ust be availab le  fo r  o th e r s i te s  befo re  ou r m odel can be 

u sed . However, the a lte rn a tiv e , d ire c t ca lcu la tio n s using  hydrological 

th eo ry , re q u ire s  data th a t m ay be even le s s  av a ilab le . Such data include 

Inform ation  of the su b -su rfa c e  s tru c tu re  and the  w ater tab le . T here  a re  

sp ec ia l c a s e s , such  a s  a la rg e  m ine d ra in ing  an en tire  h ill, w here d ire c t 

observation  could be used  to  e s tim ate  the w a te r shed a re a . In sh o rt, ou r 

investiga tion , being conducted fro m  a chem ical eng ineering  point of view, 

does not p o ssess  the com petence  to develop new hydrological concep ts. It 

i s  o u r hope th a t those  tra in e d  in  the com plex and d iv e rse  field  of hydrology 

w ill be availab le  to guide the  application of the  m odel a t d iffe ren t s i te s . 

Sum m ary of Data R equ irem en ts:

The b asic  in form ation  req u ired  to use o u r oxidation and rem oval model 

fo r  ano ther d r if t  m ine inc ludes the follow ing ite m s:

1. P rev ailin g  oxygen concen tra tion  in m ined out volum e

2. N um ber and th ick n ess  of coal and sh a le  la y e rs  in  se am

3. R ate constan ts  and po rosity  of each  la y e r

4. A rea of a ir - s o l id  in te rface

5. M eteorological d a ta

6 . "W ater sh ed "  a re a  of m ine

7. P osition  of m ine re la tiv e  to  w a te r tab le

T hese data can  be plugged into the m odel and ca lcu la tions m ade using the
*

co n stan ts  developed f ro m  M cD aniels Mine d a ta . It is  not unreasonable  to  

expect the m odel to e s tim a te  annual acid  loads to  within p lu s-m inus fifty
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p e r cen t of the tru e  value. The m onthly p red ic tions would only be an o rd e r  

o f m agnitude e s tim a te .

N on-D rift Mine System s

A s itua tion  w here th e re  is  g eo m etric  s im ila r ity  with a d r if t  m ine is  au g er 

hole m ines such a s  those  a t  the M cDaniels T es t Site. The m odel should de­

sc r ib e  th ese  ho les very  w ell since they a re  in  the sam e coal seam  and a 

geologically  s im ila r  s itua tion . Since p rec ip ita tion  data w ill not va ry  fro m  

those  used in the M cDaniels sim ula tion , the  m odel can  be used d irec tly  if the 

length of exposed se a m  and d ra inage  a re a  data a re  e s tim a ted . Checking the 

m odel with th ese  au g e r holes is  a log ical ex tension  of th is  study. H ere th e re  

is  an opportunity  to s ta r t  with zero  product accum ulation and d e te rm in e  if the 

observed  in c re a se  in acid ity  with tim e  can  be p red ic ted .

In the s itu a tio n  w here geom etric  s im ila r ity  to a d r if t  m ine is  absen t, u se ­

fu lness of o u r m odel is  lim ited . F o r exam ple , in re fu se  p iles the pyritic  

m a te ria l is  m o re  highly concen tra ted  than in a m ine, and oxidation products 

fo rm  above the leve l of no rm al ground w a te r flow s. It can be seen  a t once 

th a t the rem oval portion  of the  m odel w ill not be d ire c tly  app licab le . It w ill 

be e a s ie r  to d e sc r ib e  a new m odel w ith d ifferen t com putational m ethods than 

to  modify the d r if t  m ine p ro g ram  to  f it  a re fu se  p ile . The s im ila r it ie s  tha t 

do e x is t betw een d r if t  m ine and re fu se  pile  sy stem s w ill be  em phasized  in 

the p resen ta tion  of suggestions fo r  a m odel of a re fu se  p ile .

R efuse P ile :

The follow ing d iscu ss io n  of a re fu se  pile draw s ex tensively  on the w ork  of 

Good (13) a t the  New K athleen p ile  of T ru a x -T ra e r . The oxidation in the 

re fu se  pile o c c u rs  in  a zone about 10 inches th ick  a t the su rfa ce  of the pile
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instead  of extending as much a s  fifty fee t into the b inder a s  in a coal

seam . (35) A clay m antle which blocks oxygen tran sp o rt is  the sta ted  reaso n

fo r the lim ited  reaction  zone. However, the concentra tion  of pyrite  is  so

g rea t in  the refuse  that it is  en tire ly  possible that the oxygen gradient goes

to z e ro  in  th is  sh o rt d istance. If data on the bulk porosity  of the refuse  and

the py ritic  content w ere  known, the oxygen gradient could be calculated using
1/2

the  exponential expression , X ^Q « ^ oq exp ( “ ( /  D ) Z ), devel­

oped fo r  coal and shale  b in d ers . However, Good has p resen ted  ra te  

in form ation  on the basis  of pounds of acid form ed p e r day per a c re  of refuse  

pile a re a . On a sm a lle r  sca le , Brown (5) took sam ples from  the Hew Kath­

leen  p ile  and obtained labo ra to ry  sc a le  oxidation ra te s . Since the labo ra to ry  

conditions a re  well defined, B row n 's data can be used to estim ate  a ra te  

constan t fo r  the exponential g rad ien t calculation. B row n's labora to ry  ra te s  

check  G ood's field data quite well.

While th e re  is  a s im ila rity  in the a re a  of oxidation betw een refuse piles 

and d r if t  m ines, m ajor d ifferences a r is e  in the rem oval m echanism s. In 

d r if t  m ines, underground w a te r flows a re  responsib le  fo r continuous rem oval 

of oxidation products. lh re fu se  p ile s , oxidation occu rs , fo r  the m ost p a rt, 

above the  level of ground w ater flow s. A fourth  rem oval m echanism , phys­

ica lly  im possib le  underground, becom es dom inant. This is  the d irec t 

w ashing by p recip ita tion  on the re fu se  pile. This is  analogous to the under­

ground leaching  by trick ling  w ater. The ra in  w ater w ashing m echanism  is  

effic ien t s ince  the w ater, uncontam inated by acid, con tacts a region of high 

product concentra tion , and the re su lta n t acidic solution quickly flows away by 

g rav ity . The key point brought out by Good (13) and C orbe tt (10) is  tha t not 

a ll  of th is  acid ic  solution im m ediately  runs off into receiv ing  s tre a m s.
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Instead, a fraction of from 15 to 30 per cent of the drainage flows into the 

pile and is temporarily stored. This stored water is gradually released as 

flow or springs at the base of the pile.

The drainage flow behavior of a refuse pile can be modeled by starting 

with a material balance as was done for the drift mine. Similar factors must 

be considered, including rate and frequency of precipitation, infiltration 

capacity, temperature, and evaporation. Transpiration will not be very 

important since the acidic conditions at the surface of a refuse pile are not 

conducive to plant growth. A storage tank model could be used to describe 

the head or driving force available for flow from the pile. If a storage tank 

model were used, the tanks could only be assigned limited volumes, hi other 

words, like a sponge, the pile can only hold so much water. Any additional 

water runs off immediately. This immediate acid runoff is of major im­

portance since it is the sudden shock of acidity which causes much damage 

to the receiving stream.

The storage tank concept has physical validity since Good, using test well 

measurements, observed distinct water storage volumes in the New Kathleen 

refuse pile. The number and capacity of storage tanks in a model could be 

determined empirically for a specific pile. This information might be gen­

eralized for refuse piles on the basis of a storage volume per unit area of 

refuse pile. To summarize, Good (13) and Brown (5) have presented suf­

ficient information for the development of a model of drainage flow and acid 

load from a refuse pile. Such a model could give a very good estimate of the

quick runoff and acid release during or immediately after a storm. The
*

daily floiss from internal storage could be estimated to within a factor of 

two or three.



108
Strip Mine System:

Another type of pyrite system geometrically dissim ilar to a drift mine is 

a strip mine. Development of a strip mine model requires an extensive 

background in hydrology. In this type of mining, the cuts taken and the spoil 

banks left behind distort natural water flow patterns. The oxidation or acid 

load can still be estimated by the techniques described in Chapter IV.

Sternberg and Agnew <40) have undertaken the development of a model of 

drainage in a surface mined area. They obtained solutions for changes in 

ground water elevation and ground water flow that would occur in response to 

a uniform rate of deep percolation over the spoil bank. The solution for 

ground water flow can be used to predict maximum and minimum flows from 

the spoil bank to the last cut.



CHAPTER VUI

SUMMARY AND CONCLUSIONS

A mathematical model has been developed which can be used to describe 

the drainage flow rates and acid loads from a drift mine. The McDaniels 

Test Mine was used to develop this model. The model's predictions of acid 

load and drainage flows match existing data within twenty per cent on a month­

ly basis and within five per cent on an annual basis. The model has been used 

to generate predictions of acid loads from McDaniels Mine for future years 

under varying levels of precipitation and different concentrations of oxygen 

In the mine atmosphere.

The development of a mathematical model of an acid mine drainage sys­

tem has led to the following conclusions:

1. Basic scientific principles and laboratory data can be used to develop 

a quantitative model of a natural pyrite oxidation system.

2. While no two pyritic systems are identical, all can be described 

beginning with fundamental rate equations.

3. Since real, non-uniform systems are being modeled, basic principles
i

must be augmented with empirical assumptions and correlations.

4. Because acid load and drainage flow rates can vary rapidly with 

environmental changes, the frequency of system monitoring is as 

important as the length of the time interval being monitored.

5. For $25 worth of computer time, five years of mine drainage

109
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behavior can be simulated. This offers an inexpensive method 

of estimating the effect of changes, such as varying oxygen level, 

on the acidity of drainage from a drift mine. This technique can 

also be used to screen experiments and identify the most promising- 

abatement procedures.



CHAPTER DC

FUTURE WORK

The predictions for McDaniels Mine should be checked by continued 

monitoring of the system.

The monitoring of the flows and acid loads from McDaniels Mine 

should be on a continuous rather than on a weekly basis. This 

will better define the short term response of the system to per­

turbations such as precipitation.

The model should be tested using the auger holes at the McDaniels 

Research Site. The model should also be tested using data from  

other drift mines.

Since Good (13) has furnished a basic analysis of a refuse pile, 

this Information should be converted to a mathematical model.
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APPENDIX A 

GRADIENT COMPUTER PROGRAM

During the Investigation of the influence of "breathing " on pyrite oxidation, 

a complicated differential equation was derived. This second order, variable 

coefficient, unsteady state equation is  shown here again:

c  3x r» _ C D A B > * X q x  > P ( ^ ) ( L - Z ) a x 0x  _ X n , A P <8 >
b Z 2 RT d Z  RT

Since there are no straight forward analytical solutions to this equation, 

it has been solved using finite difference approximations and digital computa­

tion. Crank-Nicolson implicit finite differences have been used to estimate 

all derivatives. Using the notation *111 for steps in the Z (distance) domain, 

and "J" for steps in the 9 (tim e) domain, the following approximations are 

obtained:

-  j L  [x<I+ l. JH) -X (I , J + l)j

A 2 *  -  JL® f  X(R1, J+l) -  2X(I, J+l) + X(I-1, J*l) 
dZ2 (A Z )2 t

+ X(I+1, J) -  2X(I, J) + X(I-1, J) J 
The next step is the collection of coefficients of each time and distance 

term. The collection of constants for the equation is shown in Table 5. The 

six sets of coefficients are general and are equally valid for a point X(M,N). 

To evaluate an X(I, J), this means that the five surrounding X values must be 

known, However, this evaluation can not be done directly since the J+l terms
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are in the next time step. Therefore, it is necessary to solve for all the J+l 

terms first, and then back substitute. This may be easily done since the ma­

trix in Table 5 is tridiagonal having non-zero elements only on the main 

diagonal and on the diagonals immediately above and below the main diagonal. 

The solution of this matrix is  obtained using the "TRIDAG" subroutine of the 

Ohio State University Chemical Engineering package. To use *'TRIDAG," 

boundary conditions must be known, and a standard setup followed. Since the 

solution to the matrix is implicit, the (I, J+l) terms are defined as the main 

diagonal.

The setup of "TRIDAG" for our system is as follows:

B oundary Conditions

1. For J- 1, X (I) «= ^  exp ( -  ( kR /  D ) 1/2 I AZ ) .

This is a restatement of the analytical oxygen gradient, 

a good initial approximation.

2. For J *  1, 2, . . . N, X ( l ) «  Xq . The first concentration 

increment is the bulk concentration for all time steps.

3. For I«  N, where N is much greater than 1, X(N) ** X(N+1).

In other words, at a great distance from the air-solid inter­

face, the oxygen concentration gradient is  zero.

Column Vectors

1. A(N) = coefficients in lower diagonal (1-1, J+l).

2. R(N) *= coefficients in main diagonal (I, J+l).

3. C(N) ■ coefficients in upper diagonal (1+1, J+l).

4. D(N)« coefficients of known values such as X(0, J ), X(N, 1), 

X(l, J), and so forth.



TABLE 5

FINITE DIFFERENCE COEFFICIENT MATRIX

Terms X(I-1, —) X(I, --)  X(I+1, --}

X{—, J) 0.5CDAB CDAB ^ C °*5 Cd ah
-------------—   -L—  -r   ■ —  ■ ,  ■ ■

( A Z ) (AZ f  A9 (A Z )

X ( —, j+ i) ©*5 cda b  -  cda b  + e  o. 5 cda b

(AZ)2 ( A Z ) 2 A« (A Z )2

+ AP (L-Z) -  kRC + A P - AP(L-Z)
RT RT RT



The "GRADIENT" program functions by calculating the vectors A, R, C, 

and D. Once these vectors are evaluated, the subroutine "TRIDAG" is called. 

"TRIDAG11 solves the matrix described by A, R, C, and D and returns the 

solution vector X(N), the oxygen mole fraction gradient. The program prints 

the values of X(N) and then repeats the calculations for as many time steps 

as are desired.

The program includes provision for varying the channel length, L, and 

for using different size time and distance increments. A printout of the 

program and samples of the output are shown on the pages immediately fol­

lowing in this appendix.
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c Th i s  program e s t i m a t e s  oxygen mole f racti on
C I N  A LONG CHANNEL,  CRANK M C C L S C N  F I N I T E
£~ D I F F E R E N C E  APPRO X t MATl ON S USED FOR ' t r i g
C D E R I V A T I V E S .  THE R F S U L T I N G  S E R I E S  OF EQUATI ONS
c a x e  So l v e d ' uTTK ig the • t r i d a g * s u b r o u t i  ne 
c
£  THE ECU A T I C N ' B E I N G ’ S OLVEC IS
C C*D X/ D T -  C*DAB * ( D 2 X / D Z 2 )  -  K*X*C + X * D E L P / ( R T >
C ^ d T l p / T r T T X T O  r  * (  D xTUTi
c

d i m e n s i o n  ‘A r r o w *  r ( 1 o o o r ,  T T ( i o o o ) , d u o o u t
1 X 1 1 0 0 0  ) ,  XSTOREt  1 0 0 , 4 ) ,  TSUMt  10C1

c
C IN I S  I N P U T  UNI T NUMBER
C T H I S  I S  UNI T  NUMBER 5 AT OHI O STATE U N I V E R S I T Y  

I N  * 5
C 10 I S  OUTPUT UNI T  NUMBER
C T H I S  IS UNI T  NUMBER 6  AT OHI O STATE U N I V E R S I T Y

1 0 = 6  
10 =  6

C
C READ I N I T I A L  C G N D I T I C N S  ANC GTHER DATA
C
C

L I S  LENGTH OF CHANNEL 
N I S  NUMBER CF I NCREMENTS PER FCCT

c
C

NORDER I S  IIRDFR OF RE A C T I O N
M AND MI N CONTROL I T E R A T I O N S  AND P R I N T E D  OUTPUT

c
READ!  I N , 1 0 0 1 )  L ,  N ,  M,  MIN ,  NCRDER

c
NSTORE = NORDER

c
c

DTHETA I S  TIME I NCREMENT I N HOURS 
P IS AMBIENT P R E S S U R E ,  MM.  H G .

c
c

t  I S  AMBI ENT T E MP E RAT URE ,  CEGRFES FAHRENHEI T 
RATEK I S  R E A C T I O N  RATE CONSTANT

c DAB I S OXYGEN IN AI R D I F F U S I V I T Y
R E A D ! I N , 1 0 0 0 )  D T H E T A ,  P ,  T ,  R AT E K,  DAB

c
NL * N*L

GAS CONSTANT M M . H G . F T  * * 3  /  GM.MOL E DEGREE RANKI NG

c
E = 7 6 0 .  * 3 5 9 .  /  1 4 5 4 .  * 4 9 2 . )

WRI T El  1 0 , 2 0 0  2 )  DT HET A » E , P » T »R A T E K , NORDER, L 
WRI TE ( I C ,  2 0 0 5  >

C
ZN = N 

CALCULATE OELTA Z

c
OZ = 1 . 0  /  ZN 

SAWTOO CAUSES DELTA P TO CHANGE S I G N  DAI L Y
S AWT 0 0  = - 1  .  
NHOURS = 4 8
NHRS = N KJ URS 
COUNT = 1 6 . 0
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C ASSUME A D AI LY  DELTA P OF BIGDP PM. HG.
VOL *= 8 . 3 3
BIGDP = 12 - --
DF.LTAP = BIGDP /  NHOLRS 
NHOURS = NHOURS ♦ 1

C
C ESTABLISH I N I T I A L  EXPONENTIAL GRADIENT 
C

ROOT *  S CRT I RATEK /  CAB I 
NN -  NL + 2

________ DO 110 I *  2,  NN___________ ________________ ________

Z ® OZ *  t  I -  '1 )
x n ‘ )  ̂ V21 * (E'XP” (-ROiJT * r i ~ » "
I F  ( X I I )  . L T .  l . E - 4 0 )  GO TO 111 

n o - CONTl NUE 
GO TO 113 

~ m  0 0  112 I  = K, NN
112 X( I ) = 0 . 0
1 1 3  tONT INU E"

48 CONTINUE
C
C START A SERIES OF CYC L E S ______________________________

DO 30 MM = 1 t M
 S U M ^  o r a

DELTAP -  DELTAP *  SAWTOO
----------------- 7 T M F ^ ‘- OVO------------------------------------------------------------------------------------
C START A 24 HOUR CYCLE

----------------00" 47----N'T NHOURS-—
P *  P ♦ OE L TAP

----------------- RRO—* r r * ' r * i p / r 7 6 o : r *  i 4 « J 2 . o —/  s i s . o i
CTOTAL -  P /  ( E * T 1

~Z— C X l CUL ATE “  5 tC T )N  (T “O ^D E R “ 'C U N  ST/fF;T-----------------------------------------------
CONl = 0 *5*CT GT AL*DAB /  ( 0 2 * * 2 1

Z  CALCUlATE"~ TRANSPCRT CONSTANT --------------------------
CON2 = DELTAP / ( E * T I  

C “ CSLCU L A T T T l  PE C (TN5T ANT
C0N3 = CTOTAL / .DTHETA

C
C CALCULATE CONSTANT FOR INFLUENCE OF REACTION ORDER 

C0N4 *  . 2 1 *  RATEK *  CTOTAL* !  1 -  NORDER 1 
C CALCULATE TKICAG COEFFICIENTS
C A, R ,  AND Z  ARE COEFF IC IENTS W' UNKNDwN TERM'S 
C 0 IS SOLUT ION TERM.

O O T l  t ”  = 1 ,  NL
C C D  “  C O N l  -  C0 N2 * C N L  -  II
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A I M  = CLN1 + C 0 N 2 *  (NL -  I I
IF ( X I I I  .  LT.  0 . 0 2  1 NCRDt R = 1

1 R I I I  * - 2 4 C G N 1  + CON2 -  C 0 N 3  -  RATEK *
I CTOTAL * NCRDER

NORDER = NSTOKF
C INTEGRATE QUANTI TY OF OXYGEN CONSUMED I N  CHANNEL

IF INORDER . E Q .  1 1 GO TC 3 0 1
0 0  3 0 0  1 * 1 ,  NL
IF I X ( I ) . L T .  0 * 0 2  ) NORDER -  I
SUM = SUM + 0  • 2 1 * R AT E K* DT H ET A * ( l - N O R D E R )  *

1 RHO * DZ
SUM = SUM ♦ 0 2 /  6 . 0  * ( X I I + 2 )  + 4 . 0  *  X I I  + 1 )

1 *■ X I I )  1 * RATEK * DTHETA * KCROER
3 0 0 CONTINUE
3 0 1 C 0 NT INUE 

NCRDER = NSTCRE
I F * NORCER , E Q .  0 ) GO TO 3 0 2
0 0  9 9  1 * 1 ,  NL,  2
SUM = SUM + 0 1 /  3 . 0  * { X ( 1 + 2  ) + 4  , * X t I ♦ 1 >  ♦

1 X I I ) )  * RATEK * DTHETA *  RHG * NORDER
9 9 CONT INUE

3 0 2 CONTINUE
J * N L -  I
0 ( 1 )  = -  CON I * I XI 1 )  -  2*X(  2 )  + X( 3)  ) -  CON 3

1 ♦X 12 ) - ( C O N l  * C0 N2  * ( NL - 1 ) ) * X( 11 ♦ C 0 N 4  
DO 4  I -2  ,  J
IF I X IT I • LT• 0 . 0 2  ) CCK4 = 0 . 0
O f f !  * —CONl  * IX 1 1 ) -  2 . * X (  I ♦ 1) + X I I  +

r ?> 1 -  C 0 N 3  * XII  + 1 )  ♦ CCK4 
NK = I ♦ 1
I F I A B S I  D I D )  . G T .  l . E - 2 0 )  GO TO 4
D O S  LL * I ♦ NL

5 D f L L l  = 0 . 0  
GC TO 8

4 CONTINUE
8 CONTINUE

O ( N L )  *  - C C N l  * (X 1 NL - 1 )  -  2 . *  X (NL ) ) -
L CON 3 4  XI NL ) + C 0 N 4

C ESCAPE FROM CC LCOP AT END OF 2 4  HOUR CYCLE
I F ( NTIME . E G .  NHOURS 1 GO TC 3 0

C PRI NT I NI T I A L  AND FINAL SETS OF CONCENTRATION DATA
I F !  MM . E G .  1 1 GO TO 2 1
IF I MM . L T .  MIN)  GC TC 2 0

2 1 CONT INUE
I F I  NT I ME -  1 > 9 , 9 , 15

C WRITE OUT EVERY 8TH TIME INCREMENT
15 FLAG * ( NTIME -  I ) /  COUNT 

NFLAG * FLAG
FLAG = FLAG -  NFLAG
IF I ABS ( F L A G)  . G T .  0 . 0 1  ) GO TO 2 0

9  WRITE ( I C * 2 0 0 0 )  MM » T t M E ,  P
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C WRI TE OUT F I R S T  2 0  CONCENTRATI ON INCREMENTS 
DC 10 I * 1 ,  20
01 ST * DZ ♦ ( I  -  I I

10
WR ITEI  10,  2001)  DI  ST, X ( I  ) ,A( I ) ,R{ I ) , C U  1 ,D(  11 
CONT INUE

c WRITE OUT EVERY FOURTH DISTANCE INCREMENT
DO LI I -  21 ,  NK, 4
OIST -  DZ * < I -  I  )

c PRINT ONLY NCN ZERO RESULTS
IF  t X I I )  . L E .  0 . 0 0 0 1 )  GO TO 20

11 WRI TE< 10 ,2001  ) 01 S T , X I I ) , A M ) , R ( I ) , C U > ,  C U )
20 CONTINUE

c STORE CAILY CAT A FOR LATER PRINTOUT
IF ( NTIMF .N E .  NHRS ) GC TC 80
X STORE (MM, 1) = XI 2)
XSTCRE (MM, 2 )  = X ( 1 5 )
XSTORE (MM, 3) = X(35 )
XSTORE (MM, 4)  *  X ( 100)

do CONT INUE
CALL TRIDAG! A, R, C,  C,  X,  NK)

c TRI DAG IS AN OHIO STATE SUBROUTINE FOR SOLVING
c T R I 01 AGONAL MATRICES SUCH AS THOSE ARISING FROM
c I M P L I C I T  SOLUTIONS OF MASS TRANSPORT ECUATIONS

DO 150 I *  1, NN
I F (  X( I ) . L T .  0 . 0  ) X ( I ) = 0 . 0

1 50 CONTINUE
TIME = TIME + DTHETA
TSUM(MM ) = SUM *  120 .  7 IT 2 . *  VOL

47 CONTINUE
30 c o n t i n u e

WRIT EI6  , 2 0 0 3 )
DO 31 MM *  1 , M

31 WRITE ( 1 0 , 2 0 0 4 )  MM, XSTOREI MM, 1 ) ,  XSTORE!MM,
1 2 f ,  XSTORE I MM, 3 T7 XSTORE(MM,4 ) ,  T SUM I MM)

STOP
1000 FORMAT! 5 F 1 0 . 6 )
1001 FORMAT( 5 15 )
io o o F O R M A T ! / / / /  ' THIS I 5 " D A Y  ' , T 5 ,  * ffFTER ' ,

2 F 8 . 3 ,  '  HOURS',  / /  12X, • THE PRESSURE IS  ' ,
2 F 7 . 3  , 1 MMHG • * ,  / / /  15 X,  ' D E P T H ' ,  10X,
3 • 0 2  FRAC TIO N' ,  6X,  • A( I 1 ' , I 5 X , ' R ( I I ' , 13X,
4 • c m * ,  t s x , " * o ( i f M  "

2001 FORMAT! I H O , I O X ,  F 1 0 . 3 ,  1 OX, F 1 0 . 6 ,  4 E 1 7 . 8 I
2002 FORM AT 11H l f 'DT * ' , F 4 . 2 ,  ' H R . '  / /  ■ GAS ' ,

1 •CONSTANT «*,  F6 . 4 ,  /  /  ' IN IT IAL PR ESSURE
2 F 6 . 1, '  MM. HG / /  * TEMPERATURE , F 6 .0  ,
3 • DEGREES R . ' , / /  ' RATE CONSTANT ■• ,  F 1 C . 8 , / /
4 * OftOER CF REACTION IS""T , tt,m CEffGTH 1S»,
5 13 ,  • FEET*  1
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2 0 0 3  FOR K i t  ( 1 HI V 1 X I I )  VALUES ARE TABULATED ' ,
1 ' BELOW FCR THE L A S T * , / /  * DAILY TI ME I NCREM*.
T ~ *  E n  f  ST- fHE- i2N 5V T 3 T h  , “ 3‘5Th , AnO i W r B ~ T ;
5  ' D I S T A N C E  I N C R E ME N T S ' .  / /  '  A FORM OF S T E A D Y ' ,
4 "  • “ STta't e t s  r eac  h e d h s h e  n value  s t o r  a ire r n a t e * ,  '
5  • 0 AYS ARE THE S A M E ' ,  / / •  T H I S  I S  USUALLY
6* OCCURS AFTER 2 0  TO 3 0  DAYS f V / /  THE T f N A l  *,
7  ' COLUMN I S  THE PYRI  TE O X I D I Z E D  I N MGMS/DAY'  , 

 r 7 / 7 i ^ ; " " » “DiY'_* 7 6 x 7 ^ o r ^ F R A c n u N  ^ T x T  n j x T O A r r n F P i
2 0 0 4  FORMAT ( 1 6 X ,  1 3 ,  5 (  8 X ,  F 9 . 6 I I
2 0 0  5 '  FORMAT ( 1H1T

END
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X ( I ) VA LUE S_A R E TAB U L A TF D_B EL O W_F 0  R__T H F L A S J  DA I LY 

T I M £  INCREMENT AT THE 2 NO AND 1 5TH D I S T A N C E  I NCREMEN T S .  

A FORM OF STEADY STATE I S  REACHED WHFN VALUFS FOR

ALTERMATE_ OA VS ARE^ THE SAME,  T H I S  USUALLY OCCUR S_ AFT EB__ 

1 5  TO 2 0  DAYS.  T H E F I N A L  COLUMN I S  THE P Y R J I E  O X i n A T I O N  

IN MI L L I GRAMS  OXYGEN CONSUMED PEP DAY

TAKTF~6

DAY "OXYGEN MOLE F RACTI ON " O XI DAT I ON

1  0 . 1 1 3 9 3  7 ' 0  • 0 0 2  5 8 5  9 . R 9 9 * P A
2 0 , 1 8 5 3 0 6  0 . 0 0 7 0 9 9  _ 1 2 . 9 4 1 0 3 0

0 . " 1 1 3 7 6 8 ...................... 0 . 0 0 1 8 5 7 ......... ........... 9 . A 8 7 5 2 ‘7
4  0 , 1 8 5 2 9 8  0 . 0 0 7 0 8 7  1 2 . R 3 0 O Q 6
5  0 . 1 1 3 7 8 1  " 0 . 0 0 1 7 8 4 “    9 . 4 7 5 3 S7
6  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 5  1 2 . 8 2 5 0 7 7
7 -  0 . 1 1 3 7 7 9  0 . 0 0 1 7 7 4  ‘ 9 . 4 7 2  58  5
8 0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 ?  1 2 . ' 8 2 3 7 9 R _
^  “  0 . 1 1 3 7 7 9  " 0 . 0 0 1 7  7 ?  9 . 4 7 1 9 5 7 “ ""'

1 0  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 5 2 8
"11 0 . 1 1 3 7 7 9   0 . 0 0 1 7 7 1  ' .... ......... “9 . 4 7  1 8 2 2 ” '
1 2  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 4 7 ?

“  0 . 1 1 3 7 7  9    0 . 0 0 1 7 7 1  ' 9 . 4 7 1 7 7 4 " '
1 4  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 4 6 4

------------------ 1 5 - —   0 . 1 1 3 7 7 9  " " 0 . 0 0 1 7 7 1  ' ' ' ” 9 . A 7 l ' 7 7 * '
1 6  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 4 5 7
1 7  " 0 . 1 1 3 7 7 9  0 . 0 0 1 7 7 1 ..... ‘ 9 . 4 7 1 7 7 4
1 8  0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 4 5 7
T9 0  ."11"3 7 7 9 0 . 0 0 1 7 7 1 ... ................ ‘ 9". 4 7 1 7 7  4 '

  2 0    0 . 1 8 5 2 9 8  0 . 0 0 7 0 7 1  1 2 . 8 2 3 4 5 7

DT * 0 . 5 0  HOUR
GAS CONSTANT = 1 . 2 2 1 5
I N I T I A L  P R E S S UR E  = 7 4 5 . 0  mm HG

 TEMPERATURE = 5 1 5 .  DEGREES P ANKI NE
R A T E ' C O N S T A N T  »  0 . 0 3 0 0

 CTROEP OF R E A C T 1 U N - I S O
LENGTH I S  4 0 0  FEET



T H I S  I S  DAY 1 AFTER 8 . 0 0 0  HOURS

THE PRESSURE I S  7 4 0 .  7 5 0  MMHG

DEPTH* C2 F RACTI ON

0 . 0 0 .  2 1 0 0  0 0

1 . 0 0 0 0 . 1 3 1 2 9 4

2 . 0 0 0  0 7 0 8 2 2  6 7

3 7 0 0 0  0 7 0 5 0 8 9 ?

4 . 0 0 0 0 . 0 3 0 5 4 0

5 . 0 0 0 0 . 0 1 7 9 9 5

6 . 0 0 0 0 . 0 1 2 1 6 2

7 . 0 0 0 0 . 0 1 2 8 3 0

8 . 0 0 0 0 . 0 1 2 3 1 6

9 . 0 0 0 0 . 0 1 1 6 1  i

1 0 . 0 0 0 0 . 0 1 0 8 0 8

11 . 0 0 0 0 . 0 0 9 8 7 7

1 2 . 0 0 0 0 . 0 0 8 8 4 2

1 3 . 0 0 0 0 . 0 0 7 7 5 5

14  . 0 0 0 0 . 0 0 6 6 7 5

1 5 . 0 0 0 0 . 0 0 5 6 5 1

1 6 . 0 0 0 0 . 0 0 4 7 2 1

1 7 . 0 0 0 0 . 0 0 3 9 0 4

•

1 8 . 0 0 0 0 . 0 0 3 2  0 5

1 9 . 0 0 0  0 . 0 0 2 6 2 0

2 0 . 0 0 0 0 .0 0 2 1 3 5



APPENDIX B

ESTIMA TION OF POTENTIA L EVA POTRA NSPIRA TTON

The use of the Thornthwaite and M ather (42) method fo r estim ation  of 

potential cvapotransp ira tion  ( P E )  req u ire s  monthly average tem p era tu res  

and the latitude fo r the s ite . Inform ation on the type of soil and vegetative 

cover in the reg ion  a re  also  requ ired . The PE technique was developed by

an analysis of data fro m  all over the United S tates. The co rre la tio n s  which 

w ere developed have been published in the form  of a manual of tab les.

The best way to use the PE tab les  is  to co n stru c t a tab le  of data a s  they 

a re  read . The data shown in Table 7 below a re  lis ted  in six  colum ns.

TABLE 7

ESTIMATION OF POTENTIAL EVAPOTRANSPIRATION

Month Tm ean, Calculation Constants* Inches Potential
D egrees F A B C E vapotranspiration

January 33 .5 0.06 0 .0 25 .4 0 .0
F eb ruary 34 .7 0. 16 0 .0 25. 1 0 .0
M arch 42.1 1.19 0 .02 30 .9 0.62
A pril 53.3 3 .68 0. 06 33 .3 2. 00
May 62.8 6 .44 0 .10 3 7 .0 3. 70
June 71.4 9 .34 0 .14 37 .3 5 .22
July 74.7 10. 56 0 .15 3 7 .9 5 .69
August 73.3 10.04 0 .15 35. 5 5 .34
Septem ber 66.9 7. 78 0 .12 31 .2 3 .74
October 55.6 4 .30 0. 07 28.8 2.02
Novem ber 43 .3 1.41 0.03 25 .2 0. 75
D ecem ber 34.2 0.11 0. 0 24 .8 0 .0

^Calculation constants a re  explained in text on page 125 .

124
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The f i r s t  two colum ns in Table 7 contain the name of the month and the month­

ly average tem p era tu re  in deg rees Fahrenheit. The second, th ird , and fourth 

colum ns contain calculational constan ts. The significance of these  colum ns, 

labelled A, B, and C in Tablo 7, is  a s  follows:

Column A — Intensity of incident sunlight. This is  a function of 

the tem p era tu re  and is  read  from  Table 1 in Section 

I of the PE m anual. In physical te rm s , th is variable 

is  an estim ate  of the energy availab le  to evaporate 

w ater.

Column B — Daily unadjusted PE. This te rm  is read from  Table 3 

in Section n  on the m anual. It is  a function of the 

sunlight in tensity , type of so il, and vegetation.

Column C — C orrec tion  fac to r to convert daily unadjusted PE to 

monthly values. This fac to r is based on the latitude 

and re p re se n ts  the num ber of twelve hour days of 

sunlight per month. The c o rre c tio n  is based on the 

fac t that plant grow th, and tran sp ira tio n , req u ire s  

sunlight. T his te rm  is obtained from  Table 6 in 

Section in.

The sixth colum n is  the adjusted PE in units of inches of w ater per month.

T his value is  obtained by m ultiplying Columns B and C together. The values 

in  the sixth colum n a re  those which a re  used in any fu rth er calcu lations.

These a re  the values which have been read  into the "PEVA P "  subroutine as 

d a ta .

Thornthwaite and M ather have a lso  presented  tab les fo r scaling  down



the potential ev ap o tran sp ira tio n  fo r  c a se s  w here the so il is  le s s  than  sa tu ­

ra te d  as is  the assum ption  in  the in itia l ca lcu lation . T hese sca ling  fac to rs  

have been w ritten  into the "PEV A Pn subrou tine.



APPENDIX D

DRIFT MINE PROGRAMMING 

and

SAMPLE OUTPUT FOR 1970
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MAIM

c ' ' ................ ...................
C T H I S  I S  THE MAIN PROGRAM FOR THE CALCULATI ON OF
C "ACI  i: M INF LR A IN A CL IN A *DR IF T M I NF .  * C E R T A I N ..............
C CONSTANTS LSFC IN T H I S  PROGRAM HAVE BFFN
C OBTAI NED B Y GGRKFLATl  CN CF DATA FRCM MCDANIELS
C T F S T  M I N E .  THE MIME IS ADM IN I STEREO BY THE
C  OH I C STATE U N I V E R S I T Y .
C
C E S T A B L I S H  ARRAYS " ' * ......  '  ...........

D I ME NS I O N  S TCRF I  5 ,  1 5 ,  3 0  ) , A L T ( 1 5 ) ,  WA T F R C 3 0 J ,
1 THICK ( 1 5 ) ,  REACT!  15)  , RATEK I 1 5) ,  R 0 C K U 5 ) ,
2 TYPE ( I  5 ) , PYCCN! 15  ) ,  C1 F F G ! 15  ) ,  WASH! 15 1 

R I A L  BLANK,  END* YEAR,  J A N ,  F E B ,  MAR,  APR,
?  MAY, J U N E ,  J U L Y ,  AUC,  S E P T ,  O C T ,  NOV,  DEC

COMMQN/ CA/  BLANK,  END*, YEAR, J AN,  FF6, MAR' ,  APR,  ' ' "
2  MAY,  J U N E ,  J U L Y ,  AUG,  St' PT , CCT ,  NOV ,  DFC 

CUMMUN/ Cn/  A'lON T H,  A G, R A IN , R TI  ME ,  TMEAN. AGO,
1 TANKC,  R SUM, RSUMA,  FLAG,  AFLAC,  WSHED,  PWHC,
2  P WA T E * ,  L A S T ,  K E E P ,  L THE T A ,  IDAY 

COMMON / C C /  V A P I 1 2 I
c ............. '"    ~ " .........  ............
c OFF IN IT ION OF COMPUTATIONAL ARRAYS
C WATER I S  WATER TALL E LEVEL ARRAY
C REACT I S  THE OXI DATI ON OF THE STRATUM EXPRESSED AS
C MI CPOCRA^S OF OXYGEN CONSUMED /  CC SOLI D /  HOUR
C RAT F K I S  THE REACTI ON RATE CONSTANT OF T HE STRATA
C THI CK 1 S "THE THICKNF SS OF THE STRATA ‘ .......
C ROCK TYPE IS A VERBAL D E S C R I P T I O N  OF THE STRATA
C PYCON I S  THE VOID FRACTI ON OF THE STRATUM
C STORE IS O XI D A T I ON  PRODUCT STORAGE ARRAY
C ALT I S'  FLFV AT I CN CF ST RATUM RE L AT I VE  TO DA TUM" "PL ANF "
C_____________ _________  _ _ _  _ _  _ _
C ........ '  ..................................
C IN IS INPUT CHANNEL
C AT OHI O STATE'  THI S  I S  UNI T 5

IN = .5 ___
C ICJ IS PRI NT EC OUTPUT CHANNEL "     "
C AT CHI C STATE THI S  I S  U N I T  6 __ _  _  _

■ ‘ 10 = f t      " ...........  .. ...............  ...............
C I P  I S  PUNCHFC OUTPUT CHANNEL
C AT OHI O STATE T HI S  I S  UNI T  7

! P = 7
c .............. ' ...... " "  ...... ..................

I Y = 0
AGO =" BLANK*""
AG = BLANK

C "REAO NUMBER CF S TRATA,  DEP TH, ANC LENGTH INCREMENTS
R F A C 1 I N ,  5 ‘i OC)  NLAYFR,  MDEPTH,  N F E E T ,  NPLNCH



C READ S I / E  OF DEPTH AND LENGTH I NCREMENTS 129
REALM I N , 53  0 ? )  01  , DK 

C ' ALKAL' f "  I S PPM ALKALI  \  I TY I K" GKCLNIJ WATER “
C TOP IS TOP CF CCAL SEAM

RE AD 11 N ,  5 3 0 ? )  A L K A L I ,  T C P ,  S L CP E 
C H S H t H  I S  1 W AT CR SHED* AREA OF MINE 
C ‘ PWHC I S  PROVI S I ONAL WATER HOLDI NG CAP ACI TY 
C I T  HAS THE ES TI MATED VALLE CF 1 0  I NCHES

R t  A C < I N , 5 3 0 ? )  WSHED,  P WHC , P WATER ..................... ..
C READ I N MONTHLY P OT E NT I AL  EVAPCTRANSP IRAT ION VALUES 

R E A D ( I N ,  5 3 1 C) IV AP I I ) ,  1 = 1 , 1 2 )
C
C REAL INPUT DAT A Cf ST RAT A........

NL = NLAYE R ♦ 1 
D I F F G t  N L ) = C . C  

C TRAC I S  F RACTI ON CF STORED PRODUCTS REMOVED f3Y 
C I NUNDAT I ON EACH DAY

ERAC = 0 . 0 ?  ____
 .......  01 F = 0  . 0 2 .........................

s o x  = c .  C 
KELP  ='  3 0  
LTHETA = 1 
KA T = 0 
WMIN = 1 0 .

 ............ H'  = SOR T I 8 0 0 .  ) ‘ ...........  ...............
ALTCNLAYFR + 1) = TOP
DO 1 2 3 0  J  = 1 ,  NLAYE K
RE AD ( I  N , 5 3 0  I ) R C C K ( J ) ,  T Y P E ( J ) ,  A L T ( J ) ,

1 R E A C T ! J ) ,  P Y C U N ( J )
1 2 0 0  CCNTI NUE
C I NI  t l A L I  JE STORAGE   ^  ........ ......... ..  .....

0 0  1 2 0 1  I = 1,  N F E t T
CU 1 2 0 1  K * 1 , NDEPTH ...............

1 2 0 1  S TORE I I ,  N L ,  K) = D. 0
c ....................  ' ....... ..................
C ECHO INPUT_ DATA AND I N I T I A L  C O NDI T I ONS  „  _  „

... . ^... . „' 6 ?  c 0 (  NLA y E- R -  N()E p TH ( PK , " *NFEFT ,  DI , '

1 WSHEO,  ALKAL I
C ‘......................... ................ ............  ........

WRI T E I 1 0  , 6 3 C C )
C CALCULATE RATE CONSTANT- .......................
C _  CORRECT TO MINE TEMPERATURE _FJ<CM_ FX^PER_IMFNTAL___________
C LAB ORA T O R Y TEN PETt A T U R E   " “ .

T EM P = 0 . 1 5
C FTGMOL I S  P T * * 3  VGLUME OCCUP I E D BY CM MOLE GAS

F T G M J l  = 3 5 0 .  /  4 5 4 .  _  _
CCPRFT = ( 2 . 5 4  * *  3 ) * 1 7 2 E .
CL1NA = CCPRF T*  FTGMCL / 1 0 . 2 1  * 3 2 .  » ^ _ T E M P  
0 0  1 2 0  2 J  = I , NL AYER 
R F A C T ( J )  = R E A C T ( J )  * l . F - 6  * 2 4 .
P A T E K ( J )  = REACT ( J I  * CCNA /  P Y C C M  J )
D I F F G I J )  = D I F  * R A T E K ( J )
T H l  CK( J l  = ALT ( J + l  ) -  ALT ( J )



C ECHO I N P U T  DATA
1 2 0 ?  ' WRIT fct 111.6 3 0  1 I J ,  ROCK ( J  ) ,  f YPE ( J  ) , A t T ( J  > ,* 

1 R A T t K t  J )  , P Y C C M  J )
D I F F G t  3 )  = D I F F G t  1CI 

C AT T H I S  P O I N T ,  THE SYSTTM HAS BEEN P H Y S I C A L L Y  
C AND CHEMI CALLY D E S C R I B E D  
C
C Hi: GI N c a l c u l a t i o n  o f  OX IDA t i o n  

P = ASA.
C 0 1F F I S  GAS D I F F U S I V I T Y  I N  F T * * ?  PER DAY 

D I F F  = 0  , 6 9 ?  * 2 4 .  * 0 . 6  
C CORRFC T CAS C C N C F N T R A T I t N  TC P I NE C C N OI T I ON S  

G AS C = 3 2 .  /  3 5 9 .  + 4 9 ? . /  5 1 5 .
DO 1 2 0 5  J  = I » M A Y F K  

1 2 0  5 R E A D ( I N , 7 0 0 0 )  ( S TORE { I , J , K I ,  K = l .  NDE P TH )
DO 1 5 0 0  I = 1 ♦ N F E E T " ...............  ”
DO 1 4 9  8 J  = 1 , NLA YE: R
CO 1 4 9  6 K = I ,  NOEPTH
STO R I: t I , J  , K ) = S T C R E ( I , J , K )  * C l

1 4 9 6  s o x  = sli > +■ s t o r f : t r ,  j , k » ...................
W R I T E t  1 0 , 6 3 0 5 )  t STORE ( I , J  , K 1 , K = l ,  NDEPTH)
V . A S H( J )  ' = STCRI  ( I  » J  , 1 I .................

1 4 5  8 CONTI NUE
1 6 0 0  C C M  1 MU I 
1 6 0 0  CONTI NUE

WRI r r  { 1 0 ,  6 3 C 2 I SOX
C
C BEG I N D A I L Y  CALCLL A T I C N S  OF CX I C AT ICIS AND GUT PUT 
C
C D E F I N E  OPERATI ONAL CONSTANTS 

WRI TF: ( i n ,  6 3 4  5)
T SUM = 0 . 0  

1 6 0 5  CONTI NUE
~wsum = o . O '   ..............
YSUM = 0 . 0  
FSUM = 0 . 0  
RSUM = 0 . 0  
YSUPA = 0 . 0

_F SURA = C,  0  _  _ _ _
RSU M A = C.  0   ........... ............  ......... ...............
GSUP  = 0 . 0  
FLSUM = C . 0
DC) 2 5 0 0  L * 1* 1 0 0 0

c ' " " "  ' ......................... .
C READ DAI L Y WEATHER DATA

' R E A C H  N , 5 4  0 1 ) AMO NTH r I DAY7‘ R A I N ,  R T I  RE ,
1 T MEAN,  CXY,  I YEAP

I F f  OXY . G T .  C . C  1 CXX = CXY
C ESCAPE FROM PROGRAM AT END OF DATA

I F  t APONTE -  EN0 ) 2 2 5 0  ,  2 2 0 0 ,  2 2 5 0  
2 2 5 0  CONTI NUE
' .............. I F t  AMO NT E' -  YEAR I 2 2  5 5 ,  " '3 0  5 0 ,  2 2 5  5
2 2  5 5  CONTI NUE



CALL DAYS 
RKEEP = RAIN 
PA I N = 0 .  0
0 0  3 0 0  5 M = I ,  L THE TA

 I F  ( K .  LQ.  LTHFTA I R A IN = RKEEP “
IE ( KA T .  NE * 0)  GC TC 2 3 OS

C REMOVE I S  A SUHKUUTINL" TO ESTI MATE FLOW DATA 
CALL RFRCV ( U S L V ,  FLOW,  MJ 
GO TO 30  0 5 

7 3 0 5  CALL REMOVE ( O S L V ,  FLOW,  M) _
2 30 6  CONT INUE ' ".....  ................* " ........... .............  ...........
C DCTF RHI NE P O S I T I O N  OF WATER TABLE
C YZFRf l  IS CQUVAL EN1 TO BORE HOLE # 6
C XMJN I S  MOST FCRWARI) REACH CF WATER LEVfcL ABOVE COAL
C KA TER I K A ) I S  P O S I T I O N  Of TABLE THROUGH COAL SEAM

Y 2 F R Q  -  WM1N + 5 *  * T ANK C
XMI N = H * SCR T { YZFRC - 3 . 0  I ...............    '
X M IN = XM IN + 5 .  C 
XM IN = 1 2 0 .  -  XMI N
I F |  XMI N . I T .  1 . 0  ) XM1N = 1 . 0 1

0 0  2 3 1 0 '  KA - 1 , NDFPTH "...................
OF = < A * OK 
KB - KA
I f  (OF . G T .  XMIN I GC TC 2 3 0 8

2 3 1 0  WATER ( KA)  = AL T ( I I
GC TC 2 3 1 6

2 3 0 8  n o  2 3 1 5  KA = K B , ‘ "NOEPTH.............................................
WAT FR< KA)  = W A T HR ( K A -  1 )  + 0 . 2  * OK 
I F I W A T E t i ( K A )  . G T .  T C P )  WATER ( KA)  = TCP 

2 3 1 5  CONTI NUE
c ....................................
2 3 1 6  CONTI NUE
C TAt  I'D ‘ T S 3 UNN I NG T O f  AL OF AC I D CUT PUT .............

T A C I D  = 0 . 0  
0 0  2 0 0  0  I - I  , NFEFT 
DO 1 9 9 5  J  = 1 ,  NLA YE R 
OVOL = T H C K ( J )  * C l  * CK 

C COMPARE AC 1 0  STORAGE WITH E Q U I L I B R I U M  ACI D STORAGE 
F J  = STORE ( I ,  j ,  1) /  WASHI J )
I F ( F J  . G T . I . 1  ) F J  = 1 . 1

C CALCULATE CXYGEN G R A D I E N T  IN EACH LAYER 
DU 1 9 9 0  K - 1,  NOE PT H
TNN = K ...........................  '... .............
DNK = ( TNN^ -  C._5 , ) * 0 K
XNN ' = t')X X * E‘ X P ( -  SORT ( RAT E K I J  ) /  D I F F )  ^ DNK)

C
C THE FOLLUr t l  ViG CALC ULA Tt CNS DESCRI  BE EACH EVENT
C PRO PAfiL E IN TfiE BLOCKS
C GHAVDT I S G« AV I TY" O IFFU'S ION CUT CF BLOCK "
C GRAVIN I S  GRAVI TY D I F F U S I O N  I NTC B L J X K ___
C F L OGO" I s '  ‘ o i l  A NT* IT Y~ CF P RO DU C f  S ' R LMO V ED W HEN A "  ............
C BLOCK I S  I NUNDATED
C AGUT I S  AMCUNT CF PRODUCTS REMGVED BY LEACHING"
C ST O R E ( I , J , K I I S  PRODUCT STORAGE ARRAY



c
C "  Df T fc'RM I lit L P O SYFI  ON OF ft L CC K " R fc L A I I  VC TO WA TL R 
C TABLE AND COTA IN SUM OF APPROPR IA T F TERMS
c " ' "" .........
16 4 7  CONTI NUE

H I T E  = ALT I J  I + S LOP E *CK * K 
I F ( H I  IF -  WATERt KI  ( 1 6 4 8 ,  1 6 5 5  t 1 6 5 5

1 6 4 8  CONTI NUE ' '  ..................     '  "
ALEFT = S T C R E ( l , J , K )  » ( 1 , - F R A C  ) *#DT HETA 
F L C m =  STORE ( I  t J  »K) - A L E F T  
AOUT = FLOOD
S T O H E f W J . K )  =■ " ST ORE ( I t  J  »K I -  FLOOD 

C MAI NTAI N RUNNI NG TOTAL CF I NUNDATI ON RE MCV AL_
 FLSUM = FL SUM + FLOOD* 1 9 6 .  /  1 1 2 .

I F  1 FI  SUM . L T .  1 .  E - I O  » FLSUM 0 . 0
16 5 3  GO TO 1 9  8 9
1 6 5 5  OXIDN = R A T L K I J l  * GASC * XNN * OVUL*

I PYCUNt  J )  <• DTUF T A
GRAVOT = D I F F G t J )  * S T O P E ( I t J , K )  * D T H E T A * F J  
GRAV IN = C I F F G t j V l )  * S T O R E !  I .  J  + 1 , K ) '*

1 DTHETA * F J  
I 6 6 0  AOUT = STORE ( I  » J  »K) * USLV* F J

STUREt  I t J »KI  = S T ORE ( I , J t K) + OXI ON+ GRAV! N -
  1 GRAVCT -  ACUT

W SUM = rt SUM + AOUT * 1 0 6 . /  1 1 2 .
UP = H I r e  -  WA TE R t K )
I r ( u p  . G T .  0 . 2  • AND. J . G T . l )  GO TO 1 9 8 0  
AOUT = ACUT + GRAVCT 
I F  ( STUR E t I ,  J  t K » .L T .  l . E -  101 STORE ( I  » J  » K> -=0. 0 

C “ KEEP RUNNIAG TUTAL OF GRAVI TV C I F F U S  ION REMOVAL 
GSUM = G SUM + GRAVOT# 1 9 6 .  / I  1 2 .

1 9 8 9  ' CONTI NU E '
TAG ID = TACI U * ACUT

1 9 9 0  CONT INUF ” ■
1 9 9 5  CCNTI NUE
2 0 0 0  CONTI NUE ........." " ........... ............

ALK = FLOW * ALKALI  * B . 2  3 E - 6  
C CCNVFRT ACI D LCAC FPCM' AN OXYGEN CO NSUMPT ION 
C B A S I S  TO F O U I V A I E N T  A L K A L I N I T Y  B A S I S  

T ACI D = TAG ID * 1 9 6 .  /  I I ? .  -  ALK 
TSUM ^  TSUM + TACI D

................. ~TAC I t ) ' = 1 SUM ~f 5 .
TSUM = TSUM -  T A C I C  

2 0 0 2  CONTI NUE " ~ '
F SUM = F SUM + FLOW
FSUMA '= FSUMA 4 FLOW "
YSUM = YSUM + TACI C 
YSITm A ' *  Y S U M A +  TACI D 
I DAY = LAST ♦ M



C P R I N T  OUT SUMMARY OF DAI LY RESULTS
c  ...................................... ............. . .......

1 F ( AG -  AO0 ) 2 02 C , 2 0 1 0 ,  2 0 2 0  
2 0  10“ ' ' WRI TE!  f U » 6  i  5 C ) A CO ,  l OAY,  FLOW,  TAC I I) , 'R A T tf

CC TO 3 0 0 0  
2 0 2 0  I F |  IDA Y . G T .  KEEP ) GO TC 2 0 3 0
2 0 2 5  W H I T f l  1 0 , A 3 5 0  I AG,  I DAY,  FLOW,  T A C I D ,  RAIN

GC TO 3 0 0 0     '
2 0  30 I DAY = I CAY -  KEEP

WRI TE I 1 0 , 6 3 5 0  ) AGC ,  I CAY ,  FLLW,  TAC I D,  RAIN
3 0 0 0  CONTINUE

IF ( IDAY .N L / K E E P  > GO TO 3 0 0 5  
WRITE!  1 0 ,  6 2 4 1  I FSUMA , Y S U M ,  RSUMA 
W R I T F I I O ,  6 2 4  5) FL SUM, GSUM,  WSLM 
WRI TE!  I C ,  6 3 4 9  l_
wsum" = oVo  ‘.................  " .............. ........... .........
G SUM = 0 . 0  
F LSU M = 0 . 0  
RSUMA = 0 . 0  
YSUMA = C.  0 
FSUMA = 0 . 0  

3 0 0 5  CCNT1 NUF
LAST = IDAY 
K AT = 1 

2 5 0 0  CONTI NUE
. 3 0 5 0  CUN TINUP

IY = I YEAR
................ WRI TE I 1 0 , ‘6 3 7 0 1  I Yf  AR , F SUM, YSUM,  RSU M

DH 2 2 0  1 I = 1,  NF F E T
DO 2 2 0  1 J  = 1,  NLA YE R

2 2 0 1  W R I T E ! I C , 6 3 0 5 )  (S T Cl R F. ( I , J  ,  K ) ,  K= 1,  NDt  PTH )
GO TO 1 6 C 5 ...................... .

2 2 0 0  WRI TE I  I Q , 6 3 6 C  )
I F  INPUNCH / E C .  0 1 STOP 
DO 2 2 1 7  I = 1 ,  NFECT 
DC-2217 J  = i ,  NLAYLR
WR I TFI  I P  ,  7 0 0 O J I S T O R E J_ I^ J ,  K ) *_K=}*JipQPT H ) _

‘2 2 1 7 '  CONTINUE "   ...................... ‘ '  '  ..... .........
STOP

5 3 0 0  FORMAT (4 15 )
5 3 0 1  TORMAT I 2A 4 ,  2 X ,  F 5 . 0 , ^ 2 F 1 0 . 5  )
5 30 2 FORMAT ( 3  F I 0 . 5 )  ............................
5 3 1 0 _  FORMAT t i ZFb. ?)  _
5 4 0 1  FC R M A T ( I X , A 4 , 1 X , ” I 2 ,  2 X ,  4 F 1 C .'5 ‘7  14 )
6 2 0 0  FORMAT I 1 H1 ,  1 0 X ,  ' THE I N I T I A L  C O NDI T I ONS  '

1 » * A NO VARI ABLES USED I N THI S MCDEL ' , / / /
2 1 0 X , ' THE NUMBER OF LAYERS I S  '  ,  1 3 , / l O X ,
3 '  THE" NUMBER CF DEPTH INCREM ENTS IS ' ,  1 3 , /  15X,
4 ' EACH INCREMENT ,  F 5 . 2 ,  '  F E E T '  , /  10X ,  ' T HE '  *
5 *' NUMrtER "OF P ER IME TER INCREMENTS I S '  , 1 3 ,  / 1  5X,
6  ' E A C H  INCREMENT = '  ,  F 7 . 2 ,  • F t  F T /  10X ,
7 ' THE "WATER SHED I S  • ,F 1 0 . 0 , '  • SCUARE F E E T ' , /
8 1 OX , 1T HE PPM CAC0 3  ALKAL I NI TY I S  ' ,  F 6 . 2 ,  / / )
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6 2 4 1  F O R M A T ! / /  , 5 X , ' G A L L O N S  OF FLCW DURING MONTH'
1 , '  I S ' ,  F I O . Q ,  / _ 5 X i  ' POUNDS OF ACIO DURI NG '

2 ♦ '  MONTH" i S  *' , F 6  .  1 , /  5 X, • I NCHES 0  F R A IN « ,  ...........
3 *fc NTE R1NG STORAGE I S ' ,  F 6 . 2  / /  )

6 2 4 5  FORMAT < 5X,  • AC IU R EMO VED 0 Y INUNOA 11 O N'  ,  F 8.  3 , 7
1 5 X, 1 AC ID REKCVFO BY GRAVITY D I F F U S I O N ' ,  F 8 . 3 , /
2 5 X , ' A ; P )  REMOVED BY I F  AC HI NG'  ,  F 8 . 3 , / / / >

6 3 0 0  FORMAT <1 H I ,  1 T FE FOLLOWING I S A  DE SCR I P  T I O N ' , _
1 '  UF THE *M1 N E " B E I N G  M C C E l f C .  THE LAYERS* ,
2 * ARE COUNTED FROM THE' BOTTOM.  '  ,  / /
4 ♦ LAYER MATERIAL ELEVATI ON K (R ATE ) * , 3 X,
5 ' V O I D  /  2 C X ,  ' F F F T '  )

6 3 0  1 FORM AT ( 2X» 1 2 ,  3X,  2A 4 , 3X,  F 5 .  1 , 4 X ,  F B.  6 ,
1 2 X , F 7 . 3  1

6  3 0 2  FORMA T{ / /  F i  C.  4 / / / J
6 3 0 5  FORMAT ( 10 ( 3 X ,  F 8 . 4 ) )
6 3 4 5  FORMAT (1 HI , 7 / / 5 X  , ' C A T E * ,  6 X , '

2 ' F L O W , G P D ' , 2 X ,  '  AC I D »LEI S '  » 4X , ' R A I N ,  I N . ' , / / / )
6 3 5 0  FORKAT ( 3 X , A 4 , 1 5 ,  3X,  F 6 . 0 ,  4 ( 3X,  F 1 0 . 5  ) )
6 3 5 1  FORMAT!  3 X,  A 4 ,  1 5 ,  3 X ,  F 6 . 0 ,  4  ( 3X , F 1 0 . 5  ) / / / / )
6 3 6 0  " r  0  RM at’ 1 iH 1 , * '  T E R M IN a T I o n ' C AK D REACHED ) ...........
6 3 7 0  F O R M A T ! / / / /  5 X , »  SUMMARY OF CAT A FOR ' ,  1 4 , / /

" 1 ' 5X,  ' GALLONS OF FLOW OLRI NG YEAR I S '  , F I 0 . 0 , / /
2 5X,  ' ROUNDS OF ACI O DURING YEAR I S ' . F I O .  0 , / /
3 5 X , »  I NCHES OF RAI N ENTERI NG STORAGE I S '  ,
4  F 6 . 2 ,  / / / / I    _  _ ____

7 0 0 0  FORM AT’ ( a F l O .R ) .............  ”
7 0 0 1  FORMAT ( F 1 0 . 8 )  _

END ‘  ......... .......... ' "  " ‘ '

BLGCk D AT A
REAL BLANK,  E N O ,  YEAR,  J A N ,  F E B ,  MAR,  APR,

2 "M A Y ,  J  UN E, " J  UL Y ,  “AUG,  S E: PT ,  0 “C t ,  NOV,  DEC 
C0M)^C1N/CA/ H L 4 N K , E N D , Y E A R , J A N , F E B , M A R ,  APR,

2 MAY,  JUNE ,  J U L Y ,  AUG,  S E P T ,  C C T ,  NCV,  DEC 
DATA BLANK,  ENO, YEAR,  J A N ,  F E B ,  MAR,  APR,

1 MAY,  J U N E ,  J U L Y ,  AUG,  S E P T ,  CCT, NCV, CfcC/
2 '  ' ,  ' END ' ,  ' Y E A R * ,  ' J A N  ' ,  ' F E B  * , ' K A R  ' ,
3 “ '  APR' v  , 1 M AY ' , '  ' J U N E * , * J  UL Y *,  ' A U G ' ' ,  '  SE P T » ,
4 ' OCT ' ,  ' NOV ' ,  ' D E C  ' /
" E N D     ~



DAYS

SUB ROUTI NE D A Y S ' "   ' "
REAL BLANK,  E N D ,  YEAR,  J A N ,  F E D ,  MAR,  APR,

2 MAY,  J U N E ,  ' J U L Y ,  AUG,  SEPT ,  CCT ,  NOV ,  ~ DEC
COMMON /C A /  BLANK , END , YEAR,  J A N ,  F E B ,  MAR,  AP R,

2 MAY,  J U N E ,  J U L Y ,  AUG,  S EPT , 0  CT ,  NO V,  DEC
CO MK O N/ C B /  AMCNTH,  A G , R A I N ,  R T I M E ,  T MEAN ,  AGO

1 TANKC,  RSUM,  RSUMA,  F L A G ,  A F L A C ,  WSHED,  PH'HC
2 PWATCR,  LAST,  K E E P ,  L T H E T A ,  IDAY 
" I f  ( AGO . E Q /  BLANK i GO TC 2 2 AO

C CHECK TO S E E  I F  MONTH HAS CHANGED 
2 2 1 0  I r ( AGE -  r £ B )  2 2  I S ,  2 2 1 V ,  2 2 1 5  
2 2  1A KEEP = 2 8

GO TO 2 2  30.................................................... ................
2 2 1 5  I F ( A G O  . E C .  SEP T „ C R .  AGC . E C .  NCV . O R . A G O

   1 “ r o ' .  A PR ' . o r ' .  AGO . t o .  J  LiNET GO TO 2 2 1 8   '
KETP = 31 
GO 1 0  2 2 2 0  

2 2  IB K f  F P = 3 0
2 2 3 0 “ CCNTI NUE

I F ( AMCNTH -  AGC > 2 2 0 5  , 2 2 0 1  ,  2 2 0 5
2 20 1 "" LTKETA = TDAY -  t A 'S T ......................

GO TO 2 2 3 5
2 2 0 5  L1HETA = KEEP  -  LAST + " I D A Y ......................
2 2 3 5  CONTI NUE
2 2  AO CONTI NUE ............. ...................

AG * AGO
AGO = “Am on t *m * “
F LAG = 0 . 0  ____  _______
A FLAG = 0 . 0 .........  ........
I F  ( AG J  . E C .  CCT I AELAG -  1 ^
I F  ( AGO . E C .  NCV Y  AFLAC - I .   ......
I F ( A GO . E Q .  DEC ) AFLAG *  I .
f F ' fAGO . F C .  J AN Y  AFLAC = ' T .
I F ( AGO . E C .  FEB ) ATLAG -  I .
I F ( A G O  • EC.  MAR » AFLAG = 3 .
I F ( A G O  .  EQ.  APR ) AFLAG *  2 .
RETURN...................................  ....  “
END



F VAP

SUBROUTINE EVAP IPEVAP )...........................
C SUBROUTINE ESTIMATES PUT ENT I AL _EV APCT HANSP IR_AT ION
C US ING T HOR NTHkAI T f M E  THGD"  ......   - - -

REAL BLANK,  END, YEAR,  JAN,  FEB,  MAR,  APR,
2 MAY, J U NE ,  JULY,  AUG , SEPT,  CCT,  NOV,  DEC 

COMMON/CA/  BLANK, END, YEAR, J A N , F E B , MAR, A PR,
2 MAY, JUNE,  JULY,  AUG, S E P T , OCT, NOV, DEC 

 COMMON/ CB/  A MONTH, A G , R A I N ,  PT1MF,  TMEAN,  AGC,
1 TANKC,  RSUM, RSUMA,  FLAG,  A F L A G,  WSHF I) ,  P WHC ,
2 PWATER,  LAST,  KEEP,  I THETA,  ICAY 

COMMON / C C /  VAP < 12)
IF ( AMUNTH -  JAN 1 2 ,  1,  2

1 PEVAP = VA P ( t )
RETURN

' ? IF < AMUNTH -  FEB" ) A," 3 ,  A ..........
3 PEVAP -  VAP( 2 )

..................RE TURN ............................  ..........
A IF ( AM ON Tit -  MAR 1 6 , 5 , 6
5 PEV'AP = V AP ( 3 )  ................................

RETURN
* ‘ "6 IT t"' A M0 N TH“ ' 4 Pft" V 8 ,  7, ' "' 8 ...................  ‘

7 Pf VAP = V APt A )
RE TURN

fl IFt  AMQNTH -  MAY 1 1 0 ,  9 ,  10
9  PFVAP = VAPt  5 )

RETURN
10 ' IFt  AMONTH’ JUNE) 1 2 ,  T l  , 12  .........
11 PEVAP = VAPt  6 I

RE TURN ..............................  .........
12 I F!  AMONTH -  JULY)  1A,  1 3 ,  1A
13 PEVAP = VAPt  7 )

_ RE TURN _ _  ■ _ _  _____________ __________
i a  ' i f i  “ a m o n t h " - ' A U i*^» i v ,  r s v r e
15  PEVAP = VAPt  8 )

RE TURN
16 IFt  AMQNTH -  SEPT)  1 8 ,  1 7 ,  16
17  PEVAP = VAPt  9 )

RETURN___________________ ____
~i  / T  T F (  A MONTH - O C T  ) 2 C» 1 9 , 2C

19 PEVAP = V A P t 1 0 )
RE TURN " .........

2 0  IF(  AMONTH -  NOV ) 2 2 ,  2 1 ,  22
21 PEVAP = V A P t 11)
 RF TURN  _____________________________ ___ ________

" 2 2 ”  PEVAP -  VAPt 121
  RETURN _  ____

E NO "  ' " ............................ ............. ..
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SUBROUTINE RE HOV ( l > S L V ,  FLCW,  M )

KEM.CVt 1 S A 'SUB ft CUT' INF TO C AICU L A T E' KLI iW R A T F S 
A Nil FRA;  TION OF POODLCTS REMOVED BY LEACHING

REAL BLANK, E ND, Y E A R ,  J A N ,  F E B ,  MAR, APR,
2  MAY,  J U N E ,  J U L Y ,  AUG ,  S E P T ,  C C T ,  N C V ,  DEC 

COMMON/CA/  B L A N K , E N D , Y E A R , J A N , F E B , M A R , A P R ,
'2 MAY, '  J U N E ,  J U L Y ,  AUG,  S E PT ,  " CCT , NOV ,  DEC ‘ .....

COMMON / C f 3 /  AMONTH , A G , R A I N ,  RTI  ME ,  TMEAN.AGU,
1 TANKC,  KStJM, RSUMA, FLAG,  AFLAG,  WSHED,  PWHC ,
2  PWA TER ,  L A S T ,  K E E P ,  L T H F T A ,  IDAY 

EXT FRN AL EVAP   ' .......

D E F I N E  FLOW KATE VAR I API ES ANO E S T A B L I S H  IN IT I AL VALU ES 
I N I T I A L  C J  Nil I T I O N S  ARE ONLY E S T I M A T E S  TO SPEED UP
CALCULATI ONS AND REMUVE OLD VALUES FROM 
COMPUTER STORAGE

FLOW I S  GALLONS PEP DAY FLOW FRCP S Y S T F K
TANKA I S " w A ft M‘ WE A TH E R WATER D E LA Y ' S T C R A G E * ............. . '

TANKA = 0 . 0
TANKB I S  F R E E Z I N G  WEATHER WATFR STORAGE '

TANK! = 0 . 0
TANKC IS SCURCE CF GROUND WATER FLOW ......................

TANKC = 0 . 5
TAA IS FAC TUR TO' P.E'PRF SENT "FA STER TRANSFER OF* WA TER" 

WHEN GRQJND IS WETTFR
TA" I S  D A I L Y  TRANSFER FROM TANKA TC TANKC .............

T A = 0 . 0
Tfi I S  DA ILY” SNCWRELT TRANSFER TC TANKC

TB = 0 . 0  ______ _______
CA® IS MAX IMUJM" HOURLY’ INF I L T R AT I O N  RATE "

CAP = 0 . 5
TCA® I S  D A I L Y  MAXIMUM I N F I L T R A T I O N  CAPACI TY 

E X C L U S I V E  CF RCCT STORAGE REOUIREMNTS
TC A P = 0 .  7 .................................  ' " ......... ...........

C RCAP I S  TOTAL DAILY INF IL TRA T I ON C A PAC I T Y
C PNFT I S "  AM CJ NT OF WAT E R ' A v  A IL A OLE FOR ' IN F I C'T ft AT TON
C DELAY I S  E S TI M A TE  0F_ R A I N F A L L  CF P P 6 C E D I  NG DAYS

DEL Ay = 0 . 5
C RSUM I S  MONTHLY TCTAL DF WATER I N F I L T R A T I O N
C RSUMA I S ANNUAL SUM OF WATER INF I L T R A T I C N
C D F F I C T  IS D E F I C I E N C Y  OF WATER I N ROOT STORAGE _______
c  e f f  ' C s  T r a c t  To n a l  r e c u c t  i o n  i n e v A p c r a t  T on  b e c a u s e '
C OF  DCF i c J E ^ i C  Y J_N ROOT STORAGE __    _
c  c  c in 5 Ts A c  AL'cu l a y  To n a l  C o n s  t a n  t ....................................

C 0 N 5  = WSHCO * 7 . 5  /  1 2 . 0
C A I S  A ‘ CALC U LATI  UNA L CGNSTANT.......................................................

A = 4 2 0 3  .  /  5 2 8 .



C. D FF J N E ADD IT IONA L REMOVAL VARIABLES
c   '   -......-..........
C DSLV I S  FRACTION CF STCRCD PROCLCTS REMOVED BY 
C I FACE INC, EACH DAY
C RI N I S  I N F I L T R A T I O N  C R A Y  AND S MC C T M NG  FUNCTION 

R IN'  V  0 .  C "  . '
C AIN IS  F I VE  CAY AVLRAGfc t)F WATER I N F I L T R A T I O N  

AIN -  0 . 0  
ADC = 0 . 7
RF TURN ' .....................'
ENTRY REMOVE ( D S L V ,  FLOW, M)

C CALCULATE DAILY FCTE AT IAL EVAPCTRANP I RAT ION
C FVAP I S  SUBROUTINE TO CALULATE POTENTIAL EVAPORATION 
C " IT RETURNS A MONTHLY AVERAGE P OT ENTI AL VALLE 

CALL E VAP ( PEVAP )
C SUBTRACT'  EVARURAT ION rROM ROOT STROAGE

DFFICT = PWHC -  PWATER 
C P O T E N T I A L  FVAPOTRANSI  RATI ON' DEPENDS CN RCISTURE 
C CONTENT UF GROUND
c "

EFF * 1 .  /E XP( 0 . 9 * D E F I C T / P W H C )   ___
3 0 6 0  CCNT I NUE   “

PF VAP * PEVAP * EFF
PEVAP = P E V A P /  3 0 . ............................................
PWATER = PWATER -  PEVAP
RCAP = TCAP + D E P I C T  7  2 . 0 .........................................

C I F  THERE I S  NO R A I N F A L L ,  BYPASS I N F I L T R A T I O N  STEP
I F t  RAIN . F C . '  0 . 0 )  G C ' T C ‘ 31 16 " .........  ...............

C I N F I L T R A T I O N  RATE DECAYS EXPONENTIALLY
C INTEGRATE TC GET INFLUX FROM STORM

I F t R T I M E  . G T .  2 .  C I GO TC 3 LOO 
C CALCULATE RNET     '
_  _ PNET _? cfpJL Exp (_rRTJM_Ei  * _______ ' ____

GO TO 31 Cl* ..............
3 1 0 0  RNET = CAP * t l . O  ♦ E X P ( - 2 . M  t R TI ME -  3 . 0 1  )
3 1 0 1 '  I F t  RNET . G T .  RCAP 1 RNET = RC A F "  ' ..............

I F t  RNET . G T .  RAIN ) RNET « RAIN 
DEFI CT » DEFI CT /  2 . 0  
IF ( RN E T  -  D E F I C T )  3 1 1 0 ,  3 1 2 0 ,  3 1 2 0  

C N0  MAT'TER HUK DR Y'GROUND I S ,  SOME WATER ENTERS S OI L 
3 1 1 0  PWATER = PWATER ♦ 0 . 8 7 5  * RNET

 ADD = RNFT /  9 . ......... ................
GO Tf) 3 1 3 0

3 1 1 5  ADD = 0 . 0 ............................. .............
GC TO 3 1 3 0

c  au g m e n t  r n n  r  s t o r a  c'f ‘ w i t h ' n ' e  w r  a i  n f  a l  l  
3 1 2 0  PWATER = PWATER + DEFI CT

ADD = RNE T -  D E F I C T   ...........
I F  (TMEAN . G E .  3 3 . )  GO TO 3 1 3 0 ______________ __________

3 1 2 8  CCMTINLf:  "  '
C „AUD F R E E Z I N G  WATER TO TANKB ___ ___________________________

'  TANKB = TANKB + ADD.......... '  ~ ............................................. ..
RNET = 0 .  0 

3 1 3 0  CONTINUE
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C DETERMINE E F F E C T  OF TEMPERATURE CN INF ILT RAT IUN 
FV = F y p ( A -  4 2 C 3 .  / ( T M E A N + A 6 0 . > )
TCAP = 0  . 7  * FV

C  REDUCE I NF 1 1  TP A T I CN C A PA CI TY OUR I NG H INTER M CNTHS
I M T M C A N  . L F .  AO* ) TCAP = 0 . 1

C REDUCE I N F I L T R A T I O N  CAPACITY BY P R E C E D I N G  I N F I L T R A T I O N
TCAP = TCAP -  DELAY 
I F  {TCAP . L T .  0 . 0  ITCAP = 0 . 0  

C CALCULATE INFLUENCE CF RECENT PR FC IPT AT I ON OR MELTING
DELAY = DELA V  + ADD + I B................... .. ............ ..............
DELAY = 0 . 7  * DELAY 

C INCLUDE RAINFALL IN INF 1L TR AT I UN TO TAL S
R S U M  = RSUM + ADD 

  R SUMA ■= RSUMA + ADD

CALCULATE r U T F L C W "
I N C L U D E  RECENT R A I N F A L L  AND THAR C O N D I T I O N S

CALCULATE TA __
TA A = ' 0 . 2  +" C . 2  * TANKC  ' .......
T A = T AA * TANKA
TB = 0 . 0 ...................... '
I F (  TANKB . E Q .  0 . 0 )  GC TC 3 1 4 0  
TANKH = 0 . 9 8  * TANKB 

CALCULATE TU
I F  I TME AN . L T .  3 2 . ) " G C  T t T 3 l T C ........
TB = 0 . 1  + I TMEAN -  3 2 .  )
I F  ( TB . G T .  TANKB)  TB = TANKB 
TANKB = TANKB -  TB
i F I T A N K d  . L T .  1 .  E - I O )  TANKB = 0 .  C 
RCAP = TCAP -  ADD 
j f  E TB ,G T. ‘  RC AP)  TB "= RC A(r  ~

C INCLUDE S NOW )»ELT IN I N F I L T R A T I O N  TOTALS 
' RSUM = RSUM ♦ TB

RSUMA -  RSUMA + TB
3 1 6 0  CONTINUE
C TC I S IOTA L W/^TE TRANSFER TC TANK£ _ _ _ _

TC = T'A + T9  
TANKC = TANKC ♦ TC
F LU>) = 0 . 0 1  ♦ TANKC
TANKC = TANKC * ( l . C  -  C . 0 C 7 5  * TANKC)

' ~  T ANKA ' = ~T A NK A -  T A ♦ ACC
FLUVj * FLOW * CONS

c  'c a l c u C atT ' c s l v

DSLV = 0 . 0 1  * AIN
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C DETERMINE NEH VALUE CF HATER I N F I L T R A T I O N  FUNCTICN
I F ( AFL AO . E Q .  1 . 0 )  ADD = 0 . 7 5  + ADD
IF (AFLAC . E C .  2 .  V ACO * 0 . 7 S  * ADD
I F{AFL AG . E Q .  3 .  ) ADD = 0 . 5 0  * ADD

 R I N V'R'j N' *+ ' ACC "V T e /  2 ■
ADD = RI N /  5 .  0 _
R IN = R I N  -  A D D ..........................
AIN = 0 . 7 5  + AIN 
AIN = At N + ADD

C RETURN TO MAIN PROGRAM_______ _______________ ______  ________
R E T U R N .......
END



DA TL F L D W ,3  P 0 _  _A C I 0 t L B S  R A I  N j  I  N •

J A N  I  1 8 7 .  ' 0 * 1 4 0 1 4 .  C.  C
J A N  2 1 9 1 .  0 . L 5 6 7 5  0  . 0
J AN 3 1 9 3 .  * 0.  17  C 7 3 0 . 0
JAN 4 1 9 3 .  0 . 1 8 0 8 2  0 . 0
J AN  5 1 9 3 .  0 . 1 8 6 8 0  0 . 0
J A N  _ _6 1 9 2 .  0 .  1 8 8 9 8 ____  C.  0 3 0 0 0
J A N    7 1 9 1 .   0 . 1 8 8 ?2 ” 0 . 0 9 0 0 0
J A N  fl 1 9 0 .  0 . 1 8 5 8 0  0 . 0
J A N  9 1 8 9 .  0 .  1 8 1 8 0  0 . 0
JAN 1 0  1 8 8 .  0 . 1 7 6 4 8  0 . 0
JAN 11 18  7.  0 .  1 7 CO 6.............. 0 .  1 3 0 0 0
J A N  12  1 8 7  .  0 .  1 6 4 1 4  0 . 0
J A N  1 3  1 8 6 .  0 . 1 5 8 3 1  0 . 0
J A N  1 4  1 8 5 .  0 .  1 5 2 4 3  0 . 0
JAN 15 1 8 3 .  0 .  1 4 6 5 0  0 . 0
JAN 16  1 8 2 .  0 . 1 4 0 5 7  0 . 0
J A N  17  1 8 1 .  0 .  1 3 4 7 5  0 . 0
JAN 1 8  1 7 °  . _ 0 . 1 2 9 1 3 _________ 0 . 0 3 0 0 0
JAN 19  1 7 8 .  0 .  1 2 4 0 0 '  ' " " 0 . 0
J A N  2 0  1 7 7 .  0 .  11 9 3 1  0 . 0
J A N  21  1 7 6 .  0 . 1 1 5 0 0  0 . 0
JAN 2 2  1 7 4 .  0 .  11 1 0 4  0 . 0
JA N  2 3  1 7 3 .  0 . 1 0 7 4 3  0 . 1 5 0 0 0
J AN  2 4  1 7 3 .  0 . 1 0 5 4 2  0 . 0
J A N  " 2 5 *"......  1 7 2 .  "  0 .  1 0 4  1 8  6 .  1 0 0 0 0
J A N  2 6  1 7 2 .  0 .  1 0 4 0 7  0 . 0 5 0 0 0
JAN 2 7  1 7 2 .  0 .  1 0 4 7 1  C.  0 2 0 0 0
J A N  2 8  1 7 2 .  0 . 1 0 5 5 6  0 . 0
J AN  2 9  17  1'. “ ' * O'. 1 0 6 1 7  0 . 7  3 0 0 0
J AN  3 0  1 7 1 .  0 .  1 0 7 3 5  0 .  0
JAN" 3 1  '  1 7 1 .  " "0.  10 8 4 1 ...... ...........0 . 0 ' * " “

GALLONS OF FLOW OUR I NO MONTH TS 5 6 3 1 .
PLONOS OF AC 1 0  O' JRI  NO NGNT h IS 4 . 4  
I N C H F S  OF PA IN E N T E R !  NG STORAGE I S  0 . CO

AC 1O REMOVED BY I N UN O A T I CN  0 . 0 0 4
A CI D  REMOVED RY GRAVITY D I F F U S I O N  3 . 3 3 5
ACI D  RF NO VF 0  BY' L F ACM I NG ' 1 . 9 0 9



DA Tf -------  - F LOW »GPD A C I D . I B S R A ^ j ,  I N .

. ........... ___ — --------- .. . . . . - ■' — ---------. ----------------

t e b 1 1 7 0 . 0 .  10 8 9 9 0 .  0
FEB 2 169  . 0 . 1 0 5 0 3 C . 6 0 0 0 0
FEB 3 1 7 A . 0 . 1 1 A69 0 . 1 0 0 0 0
FElV A ' 17 7. 0 .  1 2 2 8 7 C. 0
F F B 5 1 7 9 . 0 . ) 3 0 8 9 0 . 0 7 0 0 0
F EB 6 l n o . 0 . 1 3  79? 0 . 0
FEB 7 1 8 0 . 0 .  1 A 3 0 6 0 .  0 2 0 0 0
FEB 8 179  . 0 . 1A 6 2 0 0 . 2 7 0 0 0
FFB 9 1 8 3 . 0 .  1 5 2 A A C . 5 A 0 0 C
FEB "10 19 1. ' ' 0 .  1 6 A 32 .........O.OAOOO
FED 1 1 1 9 6 . 0 . 1 7 7 9 1 0 . 0
FEB 12 1 9 8 . 0 .  189A 7 0.  0
FER 13 1 9 9  . 0 . 1 9 7 5 7 0 . 0  2 0 0 0
FEB 1 A 1 9 9 . 0 . 2 0 2 3 7 '  O.OAOOO
F E P 15 2 0 8 . 0 . 2 0 6 A 9 0 . 2 8 0 0 0
FEB 1 6 ' ......0  . 21 A3n - "  0 . 0"
FFB 17 2 1 5 . 0 .  2 2  36A 0 .  0
FEB 1 R 2 1 5 . 0 . 2 2 5 9 5 o .  o  ......
F F B 1 9 2 1 A . 0 . 2 3 2 6 5 0 . 0
FFB 2 0 2 1 2 . " C. 2 3 C 0 3 0 . 0
FEB 2 1 2 1 1 . 0 . 2 2 A 7 8 0 . 0
F e b 2 2 2 0 9 . "  " 0 . 2 1 7 A b
FEB 2 3 2 0 7 . 0 .  2 0  86  5 0 .  0
FEB 2 A '  2 0 5 . 0 . 1 9 8 9 2 ' 0 . 0
F EB 2 5 2 0 3 . 0 . 1 8 8 0 7 0 . 0
FEB 2 6 ' 2 0 2 . 0 .  17 731 c . o
FEB 2 7 2 0 0  . 0 . 1 6 6 9 0 0 . 0
FEB 28 1 9 8 . 0 . 1 5 7 0 a

. . . .  0 >0 -

_____ _________ __ _____.,. . . ... ____........................... .........

GALLONS CF F I  OH DURING MONTH IS 5 A R 5 .
POUND S OF AC I 0  0  UP I NO MU N TH I S 5 . 0  
INCHES Oj :_RA I N _ FN T J R ING STORAGE I S _ 0 .  AA

ACID REMOVED BY IN UN DA TI ON 0 .  C€A
ACID REMOVED BY GRAVITY D I F F U S I O N  3 . 0 6 5
At  I U ' R C M 0  V EO B V LEAF, HI NO 2 . 9 3 1



____DA TF ------ F LO' ^ . GPO A C I D , LBS R A I N ,  I N .

MAR 1 1 9 6 . 0 .  14  7 8 5 0 .  0
MAR 2 1 9 5 . 0 . 1 3 9 0 9 ' 0 . 1  1 0 0 0
MAR 3 2 0 0 . 0 . 1 3  5 6 6 0 . 0
MAR 4 2 0 2 . 0 . 1 3 4 4 4 " o . ' 6 i c o c
MAR 5 2 3 3  . 0 . 1 6 0 2 5 0 . 1 7 0 0 0
MAR ” 6 2 6 1 . 0 .  2 1 6 8 7 ............. c . o
MAR 7 2 7 6 . 0 . 2  7 5 0 8 0 .  0
MAR 8 2 p I . 0 . 3 4  3 6 ? 0 . 0
MAR 9 2 8 2 . 0 .  3 9 2 4 5 0 . 0
MAR "  10 28 r . 0 . 4  2 6 9 9 0 . 0
MAR 1 I 2 7 R . 0 . 4 4  9 2 4 0  . 0
MAR 12 2 7 5 . ......... 0 .  4 4  75 7 ■ 0.  5 4 0 0 0
MAR 1 3 2 7 6  . 0 . 4 4 2 6  3 0 . 0 9 0 0 0
MAR 14 2 7 8 . " ' 0 . 4 4 9 9 5 ' 0 . 0
MAR I 5 2 7 7  . 0 . 4  3 8 3 4 0 . 0
MAR 16 0 . 4 2  5 2 9 O'. 6
MAR 17 2 7 2 . 0 .  4 1 1 0 5 c .  c
MAR" 18 2 7 0 .  ...... 0 . 3 9  5 9 5 0 . 2 5 0 0 0
MAR 1 9 2 7 4 . 0 . 3 8 3 6 9 0  , 0
MAR 20 2 7 4 . "O'. 3 7 2 5 4 ” o .  0
MAR 21 2 7 2  . 0 . 3 6 1 6 2 0 . 0
MAR 2 ? 2 7  0 . 0 . 3  5 05  5 0  . o ' '

MAR 2 3 2 6 7 . 0 .  3 2 9 9 5 0 . 0 6 0 0 0
MAR 2 4 2 6 4  . 0 . 3 1 1 5 3 0 .0
MAR 2 5 2 6 2 . 0 . 2 9 4 8 5 0 . 1 1 0 0 0
MAR 2 6 26  1 . 0 .  2 8 0 6 5 0 .0
MAR 2 7 2 5 9  . 0 . 2 6 8 1 0 0 .0
MAR 28" 2 5 7 . 0 .  2 5 0 0 5 C .7 5 0 0 0
MAR 29 26  1 . 0 . 2 4 4  19 0 . 3  1 0 0 0
MAR 3 0 ............2 6 9 . Oil 2 52 73 0 .0
MAR 31 2 7 1 . 0 . 2 6 C 7 0 0 . 0

GALLON S OF "F LO W" D UR I NG"M'CNYh I V  8072 . 
POUNDS OF ACM) DU° IMG M.JNTM IS  9* 8 
INCHES OF RAIN F NT FR I KG ST C RAG E IS 1 .0 ?

AC ID^REMCV ED 3Ŷ  INUNCAT 10N_ _ 4 . 2 9 ? _ _______
AGIO RE MOVE O B  V G R A VI "T Y 01 V  f U S T c  N 3 . 5 8 5
ACID REMOVED BY L FAC H ING 3 . 6 7 8



DATE ..---------- FLOWf GPD ACi i ) i L HS„ _ R A I N f INj.

APR 1 2 7  1 . 0 . 2 6 6 7 3 0 . 1 5 0 0 0
APR 2 2 7 7 . 0 . 2 7 5 8 7 i . 7 6 0 0 0
APR 3 3 1 8 . 0 .  4 0 2 8 9 0 ,  0
APR ‘ "4" ....... 3 36 . 0 . 5 1 4 3 1 " 0 . 0 "
APR 5 341  . 0 . 6 0 5 4 7 0 . 0
APR 6 3 4 0 . 0 .  6 7 5 5 2 0 .  1 6 0 0 0
APR 7 3 39 . 0 . 7 2 6 7 8 0 . 0 5 0 0 0
APR 8 3 3 6 . 0 . 7 6 1 3  3 0 . 0
APR 9 3 3 2 . 0 . 7 8 1 4 3 G. 0
APR T O ’ 3 2 7  . 0  .  73  9 6  3 """ 0 . 0
APR 1 1 3 2 2 . 0 .  7 3 8 3 9 0 , 0
AP R 12 3 1 8 . ......... 0 .  7 7 9 9 9 0 .  0
APR 13 3 1 3 . 0 . 7 6 6 3 6 0 .  1 4 0 0 0
APR 14 3 1 1 . 0 .  74 9 9 9 0 . 0 6 0 0 0
APR 15 3 0  9 . 0 . 7 3 2 0 0 0 .  0
APR 16 3 0 4  .  ' 0 . 6 8  3 2 1 ...... '* ' 0 7 0
APR 17 3 0 0 . 0 .  64 01 7 0 . 0
APR 1 8 29 7 . 0 . 5 8 1 5 8 0 . 0
APR 1 9 2 9 3  . 0 . 5 8 1 6  5 0 . 3 0 0 0 0
ADR ......... 2 0 2 9 2 . 0 . 4 9 C 9 1 0 . 5 4 0 0 C
APR 2 1 3 1 2 . 0 . 5 1 9 3 7 0 . 0
APR 2 2 3 1 9 . 0 . 5 4  601 ' 0 7 0  '

APR 2 3 3 2 0 . 0 .  5 6 7 5 3 0 . 3 7 0 0 0
APR 2 4 3 3 0 . 0 . 5 8 8 6 9 0 . 5 4 O 0 C
APR 2 5 3 6 5 . 0 . 6 2  2 0 9 0  . 0
AP R 2 6 3 7 7. 0 .  6 5  5 2 9 C.  0 ....................................

APR 2 7 3 7 8  . 0 . 6 3 1 8 4 0 . 0
APR > 3 “*“ 3 7 4 . 0 . 6 9 9 0 9 0 7 2 5 0 0 0 "
APR 2 9 3 7 3 . 0 .  7 0 8 6 4 0 .  0
APR 3 0  ‘ 3 6 9  * 0  • 7 1 0 0 4 0 . 0

GALLONS OF FLOW DURING 80NTH I S  9 7 9 2 .
POUND'S OF ACI*D* DU R t N G ^ ' M nT'h"  IS "  16 . 0 '  
INCHES OF RAIN ENTERING STORAGE I S  1 . 3 9

ACID REMOVED b Y  INUNOATI CN 1 2 . 7 1 9
ACID RCMOVFD RY_GPAVITY 0  IFF US I ON _  3 ^ 4  7 8
AC ID RF MCVEDBY . L E A C H I NG '  6 . 0 7 2



MA Y 1 3 6 4 . 0 . 7 0 3 9 7 0 . 0
MAY 2 3 5  8 . 0 . 6 9 1 6 6 ..... 0 . 1 6 0 0 0
MAY 3 3 5 4  . 0 . 6 7 5 7 8 0  . 0
MA Y 4 3 5 0 . 0 . 6 5 6 9 1 0 . 0
MAY 5 3 4 5  . 0 . 6 3 5 7 4 0 .  0
MAY 6 3 3 9 . 0 . 6 1 3 2 3 0 . 0
MAY 7 3 3 4 . 0 .  5 8 9 9 5 0 .  0
MAY B - 3 29 . 0 . 5 6 6 6 8 0 . 0
MA Y 9 3 2 5 . 0 . 5 4 3 6 1 0 . 0
MAY 10 3 2 0 . ........... "0 .  52 142 ..............0 . 0
MAY I I 31 5 . 0 . 5 0 0 2 6 0 . 0
MA Y 12 31 1 . 0 . 4 8 0 3 0 0 . 3 0 0 0 0
MAY 13 3 1 0  . 0 . 4  6 3 9 6 C. 3 7 0 0 C
MA Y 1 4 3 1 2 . .........  0 . 4 5 2 6 3 0 . 0 5 0 0 0
MA Y 15 3 1 1 . 0 .  4 4 3 4 8 0 .  0
MAY......... 16 " 3 0 8  . " ' " .........0 .  4 3 6 1 S 0 . 4  8 0 0 0
MA Y 17 3 1 0 . 0 . 4 3 2 0 0 0  . 0
MAY IB " 3 0 8 . 0 .  4 2  6 6 4 0 .  0 4 0 0 0
MAY 19 3 0 6  . 0 . 4 9  2 5 ? 0 . 0
MAY 2 0 3 0 2 . 0 . 3  8 0 1 2 0 . 0
MAY 21 2 9 9  . 0 . 3 6 0 1 8 0 .  0
MA Y 2 2 2 9 5 . " ' 0 . "3  2 9  1*4 ‘ 0 . 0
MAY 2 3 2 9 1 . 0 .  3 0 2 2 6 0 .  0
MAY 2 4 28 7 . ..............0 .  2 7 8 7 7 0 . 6  5 0 0 0
MA Y 25 29  1 . 0 . 2 6 3 2 9 0  . 0
MAY 2 6 2 9 1 . 0.  2 5 2 0 7 0 .  0 3 0 0 0
MAY 2 7 2 8 9  . 0 . 2 4 3 1 3 0 . 0
MAY 2 9 2 8 6 . " 0 . 2 2 6 7  7" 0 . 0
MAY 2 9 29  3 . 0 . 2 1 2 3 6 1.  4 B 0 0 C
MAY 3 0 3 3 3 . 0 . 2 7 9 7 8 0 . 0
MA Y 31 3 5 5 . 0 .  3 5 C 9 5 0 .  0

G ALL ON S" OF F LOW 0  UR! \G M ON TH ' I S * ' 9 8 1 2 .  
POUNDS OF ACID DURING M J  NTH I S  1 3 . 7  
I NCHES O F " R A I N  ENTERING STORAGE IS 0 . 8 5

ACID REMCVFD 6 Y INUNCAT [CM 7 . 3 _ 1 7 _ _ ____
AC ID REM0 VEO' B y” GR A VI TY I) I FF US I CN *3. 0 0 6  
ACID REMOVED OY t  EACHING 3 . 5 9 1



DATt FLOW, GPP jAC[^*LPS__ KAJN»_IN_.

JUNE 1 3 6 ? .  0 . 4 1 4 3 6  0 . 0
JUNF 2 3 6 1 .  0 .  4 t. 46 6  0 .  1 2 0 0 0
J UNE 3 3 3 8 .  ____  0 . 3 0 1 2 3  C. 4 5 0 0 0
JUNE............. 4 .............3 b 0 “ ................0 .  32  7 4 4 .......... ........0  .TOO0 0
JUNE 3 3 5 8 .  0 . 5 4 3 3 0  0 . 0
JUNE 6  3 5 4 .  0 . 5 4 S 1 5  0 . 0
JUNF 7 3 4 9 .  0 . 5 4 6 2 4  0 . 0
J UNE 8 ' 3 4 4 .  0 .  5 3  6 2 4  0 . 0
JUNE 9  3 3 B .  _ 0 . 5  2 0 8 9  0  L0
JUNE 10'  ‘3 3 3 . .......  ‘ 0 .  5 0 1 8 0  " 0 . 0
JUNE 11 3 2 0 .  0 . 4 3 0 3 4  0 . 0
JUNE " 12  3 2 4 .  0 . 4 5 7 6 6  0 . 0
JUNE 13 3 1 9 .  0 .  4 3 4 6 5  C . 2 5 0 0 0
JUNE 14 3 1 7 . “' 0 . 4  1 3 7 9  0 . 1 5 0 0 0
JUNE 1 5  3 1 6 .    0 . 3 9 5 4 6  0 . 8 0 0 0 0
JUNE 16  3 2 3 .  0 . 3 8 4 3 6  ' 0 . 0
JUNE 1 7  3 2 3 .  0 . 3 7 6 2 3  0 . 0
JUNE 18.............32  C* 0 . 3 6 8 7 1  0 . 0
JUNE 19  3 1 6 .  0 . 3 6 C 6 4  0 . 0
JUNF 20  3 1 2 .  0 . 3 5 1 5 6  0 . 0
JUNF 21 3 0 8 .  0 .  3 4 1 4 4  0 . 0
" J u n e  2 2 ........  3 0 4 V "  0 . 3 1 1 9 2  **“ 0 . 0
JUNE 2 3  3 0 0 .  0 . 2 8 5 8 7  0 . 0
JUNE 2 4 2 9 6 .  0 . 2  5 3 4 1  " “ 0 . 0
JUNE 2 5  2 9 2 .  0 . 2 2 5 5 7  0 . 0
JUNE 2 6  2 8  8 . .............  0 .  2 0 1 6 5  C . 2 7 0 0 0
JUNE 2 7  28 8 .  0 . 1 8  3 0 4  0 . 7 8 0 0 0
JUNE ' 28  ‘ 2 94 ' .  " 0 . 1  ? 3 6 5  0 . 0
JUNE 2 9  ____ 2 9 5 .  0 .  1 6 8 7 2  0 . 0
JUNF 3 0  “ 2 9 3 .  0 .  1 4 5 4 4  0 . 0

GALLONS Cl F FLOW DU P IN G_ MONTH I S   9 6 7 3 .
POU N D S " OF" AG I O DUR I N G MO N T H " I S  1 1 . 4
INCHES OF RAIN E NTER I NG STORAGE I S  0 . 3 6

AC ID REMOVED B Y I N  UNO A TI CN 4 . 5 5 5
AC I P  REMOVED BY GRAVITY D I F F U S I O N  2 .  7 2 0
ACID" P E M 0  V E 0  * R Y L E A C HI N G * 5 . 0 2  8
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D A T E  f L O W , G P D _ A C I  OWLETS RA I N * I N . _

JUL Y 1 2 9 1 .  0 .  1 6 2 2 R  0 .  0
JULY 2 2 8 7 .  0 . 1 5 6 5 4  ' 0 .  2 3 0 0 C
JULY 3 28  6 .  _  0 . 1 5 0 3 4 _________0 . 1 2 0 0 0
JULY ........ 4”  2 8 5 .  ~ 0 . 1 4  392  ' 0 . " " 7 5 0 0 0
JULY 5 2 9 1  .  0 . 1 4  8 4 8  . 0 . 0
JULY 6 2 9 2 .  0 . 1 5 3 6 1  0 . 0
J UL Y  7 2 9 0 .  0 .  1 5 7 4 4  0 . 0
JULY 8 2 8  7 .  '  0  .  1 5 3 7 9  0  . 0
J U L Y  _9___ 2 8 4 .  ________O'JLf*?.0 5 _________ P jlP— ____
J U L Y   10  * 2 8 0 .  "" ’ 0 .  1 4 3 2 0  0 . 0
J UL Y  I t  2 7 7 .  0 . 1 3 4 0 8  0 . 0 6 0 0 0
JULY 1 2  2 7 4 .  0 .  12 5 2 2  0 . 0
JULY 1 3  2 7 1  .  0 . 1 1 6 5 5  0 . 0
JULY 14 2 6 8 .  0 . 1 0 6 0 3  0 . 0
J UL Y  1 5_ 2 6 5 .  _  0 . 0 9  / 6 7 _____ 0 . 3 C 0 0 C
J U L Y   1 6  ....  ? 6b" ,  ~ " 0 . 0 9 X 2 3  0 . 6 4 0 0 0
J U L Y  1 7  2 7 0 .  0 .  0 9 2 0 5  0 . 0
JULY 18 2 7 1 . 0 . 0 9 4 8 1  0 . 0
J ULY I 1 9  2 7 0 .  0 . 0 9 7 4 7  0 . 0
J ULY 2 0  2 6 8 .  0 .  C9 7 7 5  0 .  3 1 0 0 0
JULY 21____  2 6 9  . _  0 . 1 0 0 3 8   0 . 0 ______
J U L Y  2 2  2 6 7 .  0 . 1 0 0 9 5 " '  *" " 0 . 0
J ULY 2 3  2 6 5 .  0 . 1 0 0 4 9 0 .  0
J ULY 2 4  " 2 6 2  .  0 . 0 9 8 7 6  0 . 3  2 0 0 0
J UL Y  2 5  2 6 3 .  0 .  0 9  PI  2  C.  0
JULY 2 6  2 62  .  ’ 0 . 0 9 7 3 2  0 . 0
J ULY 2 7  2 5 9 . ________0 .  0 9 5 7 8 _________
J UL  Y 2 8 "  2 6 2  .  0 .  0"9'686 ’ 0 .  0  "
J ULY 2 9  2 6 2 .  0 . 0 9 8 3 0  0 . 1 0 0 0 0
J UL  Y 3 0  2 6 1 . ’ 0 .  0 9 9 6 9  C . 5 C 0 0 0
JULY 31 _  2 6 5  . ___ 0 . 1 0 ^ 6  2 ___  O.JO _

G AL L UN S OF FL 0 W O U R  ING "MONTH I S  8 4 7 1 .
POUNDS OF ACID DURING MONTH IS 3 . 7  
I N C H E S  OF RAIN E N TF RING S T CR AG E I S  0 . 4 7

AC! D_REMCVED_BY_ LNUNCAT1_CK_ 0  . 6 2 3 ___________
AC 10 R EMO V ED 8 Y GR A V I T Y 0  I EF  U Si  ON 1 .  5 9 0
AC I 0 R E M CV F D OY LEACHING 2 . 6 1 4



DA TE F L O W , G P P  A C I I ) , L B S  M A I N ,  I N .

AUG 1 2 6 5 . 0 . 1 0 7 4 8 0  . 0
AUG 2 2 6 4 . 0 . I C 5 9 8 0 .  o  '

AUG 3 2 6  1 . 0 .  1 1 0 6  5 0 . 2 1 0 0 0
AUG v 2 6 1 . " 0 . 1 1 0 9 3 0  .  0
AUG 5 2 5 9 . 0 .  1 1 0 1  1 C. 0
AUG 6 ............ 2 5 7  . 0 . 1 0 7 2 3 0  . 0
AUG 7 2 5 4 . 0 .  1 0 3 2 9 0 .  0
AUG 8 2 5 1 . 0 . 0 9 R 4  8 0 . 0  “
AUG 9 2 4 9 . 0 , 0 9 2 6 9 I . 7 0 0 0 0

' AUG 1 0 2 V 3 . 0 . 0 9 1 8 5 ......... r . ' o o o o o
AUG 1 I 2 6 2  . 0 . 0 9 8 2 5 0 . 0
AUG 1 2 2 6 4 . 0 . 1 0 6 1 1 o . o
AUG 1 3 2 6 4  . 0 . 1 1 2 9 0 0 .  0
AUG 14 2 6 ?  . ' 0 .  1 1 7 4 6 0  . 0
AUG 1 5 2 6 0 . 0 .  1 1 9 4 6 0 .  0
AUG’ 1 6 2 5  7 . * 0 .  H a r e O'. 0
AUG 1 7 2 5 4 , 0 . 1 1 5 0 2 0  . 0
AUG 18 2 5 2 . 0 .  1 1 0 3 9 0 . 0 3  0 0 0
AUG 19 2 4 9  . 0 . 1 0 4 5  7 0  . 0

’ A UG 2 0 2 4  7 . 0 . 0 9 8 2 5 0  . 0
AUG 2 1 2 4 4 . 0 . C 9 1 6 3 0 .  1 2 0 0 0

" AU G 2 2 2 4  3 ." 0 , 0 8 5 8 9 ' O ' . 8 8 0 0 0
AUG 2 3 2 4 8 . 0 .  0 3 5  3 2 0 .  0
AUG 2 4 2 4 9 . 0 . 0 8 6 6  8 ........ 0 .  0
AUG 2 5 2 4 9 . 0 . 0 8 8 1 5 0  . 0
Au g 2 6 2 4  7. 0 .  0 8  8 8  3 o.c
AUG 2 7 2 4 5 . 0 . 0 8 8 3 8 0  . 0

’ AUG" 2 8 2 4 2 . 0 .  08(677 0 . 0 ....................................

AUG 2 9 2 4 0  . 0 . 0 8 3 9 3 0 .  0
AUG 3 0 2 3 7 . 0 . 0 9 0 3 6 o . ' o
AUG 31 2 3 5 . 0 ,  0 7 6 2 8 0 .  0

G A L I G N S  OF FLO W PUR I NC' MCNTh I S  7 8 2 3  .
POUNDS OF ACID DURING MJNTH I S  3 . 1  
I NC HE S  Of  RAIN ENTEKI NG S T CRAG E ~ I S  0 . 3 1

ACID REMOVED BY INUNDATION 0 . 1 2 8
AC I D ’ R FMUVFD BY G RA V ! T Y ' UI H F US iT.N 1 . 7 0 7
ACID REMOVED BY LFACHI NG 2 . 4 4 3



O AT E FL Orf *_GPO A C I O . L H S R A I N ,  I N .

SE PT 1 2 3 2 . 0 . 0  7 192 0 . 0
SC PT 2 2 3  C. '  0 .  0 6  733 0 . 0
SEPT 3 2 2 8 . 0 .  0 A 2 8 3 0 . 0 5 0 0 0
SEPT 4 2 2 6  . 0  . 0  5 8 8  A ' o ;  5 0 0 0 0
SEP T 5 2 2  9 . 0 .  03  8 A 0 0 . 0 5 0 0 0
SEPT 6 2 3 0 . 0 . 0  6 0 1 8 ............0 . 0 ..........
SEPT 7 2 2 9 . 0 .  0 6 2 0 9 C. 0
SEPT 8 ’ 2 2 8  . 0 . 0 6 3 5 A 0 . 0
SF PT 9 2 2 6 . 0 . 0AA20 0  . 7 0 0 0 0
SEPT T o  “ . . . .  - j j - j i - 0 .  C A R6 9  " o .  0
SEPT 1 1 2 3 2  . 0  .  0  7 A 19 0  . 0
SEPT 12 2 3 2 . 0 .  0 7 8 9 2 0 . 0
S F PT 13 2 3  1 . 0 . 0 9 2 0 2 0 .  0
SE P T i a ' 2 2  9 . 0 . 0 8  3A8 0 . 0 6 0 0 0
SEPT 15 2 2 7 . 0 .  0 8 3 7 7 0 .  0
SEPT " LA 2 2 6 . 0  * 0 9  2 8 9 0 . 0
SF PT 17 2 2  A. 0 . 0 9  0 96 0 . 0
SEPT 18 2 2 1 . 0 . 0  7 8 1 A C. 1 9 0 0 C
SC PT 1 9 22  1 . 0  . 0 7 6 0 0 0  .  1 0 0 0 0
S F P T 2 0 2 2 1 . 0 .  0 7 A6 I 0 . 1 7 0 0 0
SEPT 2 1 2 2 2 . 0  • 0  7 A 3 9 0 .  0
SF P T 2 ? 2 2  1 . 0 . 0 7 A 2  6 0 . 0
SFPT 2 3 2 2 0 . 0 .  0  7 372 C.  0
SE PT 2 A 2 1 8  . 0 . 0 7 2 5 6

. . .  0 > 0

SF PT 2 5 2 1 6 . 0 .  0 7 0 7 8 0 . 0
SEPT 2 6 21 A. 0 .  C6SA9 0 .  0
S F PT 2 7 2 1 2  . 0 . 0 6 5 7 6 1 . 2 9 0 0 0
SF PT ' 2 8 22  2 , ” d . b 7 i ' A A " 0 . 0 ......... .
SEPT 2 9 2 2 7 . 0 . 0 7 9 9 2 0 .  0
SEPT 3 0 2 2 8  . 0 . 0 8 8 2 0 0 . 0

_ . _ __ ,__ . _ ___ _ ____ _ _ , ___- __  ___ _

GALLCNS CF FLOW DU R ING MONTH I S  _ 6 7 5 1 .  
P o  UNO s  ' 0 r  AC I 0  ’ DUP. I NO ‘MON T H I S * 2 . 2
INCHES OF RAIN EM TER. ING STORAGE I S  0 . 3 9

ACID REMOVED 0  Y I NUNOATICN 0 .  Cl  5 ................
ACID REMOVED BY GRAVITY CI^FU_SIGN____ 1 * 7 5 0 ,
AC I O RE MOVEO” BY LEACHING ”  1 . 5 7 9



OC T 1 2 2 8 . 0 .  0 9 4 7  4 0 . 0
OCT "2 227" . ‘ 0 . 0 9 8 9 8 0 . 0
OC T 3 2 2 5 . 0 . 1 9 0 R G 0 . 3 0 0 0 0
OCT....... A 2 2 6 . 0 .  1 0 2 0 9 0 . 0  "
OCT 5 2 2 6 . 0 . 1 0 2 0 3 0 . 0
OCT 6 2 2 4 . 0 .  1 0 0 7 4 0 . 0  ‘
OCT 7 2 2 3 . 0 . 0 9 8 1 6 0 .  0
OC T 8 2 2  1 . 0  . 0 9 4 4 9 0 . 0  ‘
OCT 9 21 9 . 0 .  0 9 0 1 2 0 . 0
OCT 10 “2 1 7 . 0 . 0 8  531 .................0 . 5 5 0 0 C
OC T 11 2 2 0 . 0 . 0 8 2 9 0 0 . 4 5 0 0 0
OCT 12 2 2 5 . 0 . 0 8 3 6 5 "  .......... 0 . 0
OCT 13 2 2 7  . 0 . 0 8 5 1 9 0 . 0
OC T I A '  2 2  7 . 0 . 0 3 6 3 4 " '  0  . 8  1 0 0 0
OCT 15 2 3 3 . 0 .  C 9 C 7 0 0 .  1 0 0 0 0
o t r 1 6  ' 2 3 7 . "  0 . 0 9  6 7 5 0  . 0
OC T 17 2 3 8 . 0 .  0 9 9 R 3 0 . 0
OCT 18 2 3 7  . 0 .  1 0 2 2 2 0 .  0
OC T 1 9 2 3 5 . 0 . 1 0 2 7 5 0 . 0
OCT 2 0 2 3 3 . 0 .  1 0 1 5 7 0 .  0
OCT 21 2 3 1  . 0 . 0 9 8 6 5 0 . 4 2 0 0 0
OC T “ 22 2 3 3 . ” ” 0 .  0 9 6 9 9 ” 0 . 1  3 0 0 0
OCT 2 3 2 3 4 . 0 .  0 9 5 P 7 0 .  0
OCT 24 7 3 3 . ' 0 . 0 9  4 4 6 " 0 . 0
"C T 2 5 2 3 2 . 0 . 0 9 2 3 9 0  . 0
i T 2 6 2 3 0 . 0 . C 8 9 3 0 o ; o
OCT 2 7 2 2 8  . 0 . 0 8 5 6 5 0  . 0
OC T 2 8 ‘2 7  6 . 0 .  0 8 1 5  8 0 . 0
OCT 2 9 2 2 4 . 0 . 0  f 7 2 5 C. 6 0 0 0 0
OC T 3 0 2 2 7 . 0 . 0 7 5 6 1 0 .  7 3 0 0 0
OC T 31 2 3 5 . 0 .  0 7 8 7 3 0 .  0

GALL ONS"’"fir”  F L fj W OUR I NG "MON T H I S  7 0 8 0  .  ‘ 
POUNDS 0 F ACID DURING MONTH I S  2 . 9  
I N C H E S ‘OF RAIN ENT F 4 ING ST CRAGE IS 0 . 5 1

ACID REMOVED BY J NU N C A T  I 0M Oj.0 2 3  _____
AC I 0  R EMOVEU B Y GRAVI TY 6 1 EFUS 1 C N "  " 1 . 8 8  2 
AC 10 REMOVED BY LEACHING 2 .  ICO



DATE --------- FLOW. GPI)_ AC D,_LBS RA IN»_ INj.

NOV I 2 3 9 . 0 .0 8 3 0 3 0 .0
NOV 2 2 3 9 . 0 .0 8 6 8 4 0 .6 0 0 0 0
NOV 3 2 4 4 . 0. 09 29? C .1 0 0 0 0
NOV 4 24 7 * 0 .0 9  8 71 ' ~ 0 .0 6 0 0 0
NOV 5 2 4 7 . 0 .1 0 3 2 4 0 .0
NOV 6 246 . 0 .1 0 5 8 9 " 0 . C.........
NOV 7 244  . 0 .1 0 6 5 5 0 .0
NOV 8 24 2. 0 . 10 539 0 .0
NOV 9 240 . . 0 .  10196 0 .0
NOV 10 2 3 7". 0 . 0  975 7 0 .0 9 0 0 0
NOV 1 I 2 3 6 . 0. 0 9 2 9 5 C .0 4 0 0 0
NOV 12 2 3 4 . 0 .0 8 8 3 0 0 .0
NOV 13 2 3 2 . 0 . 0835 H 0 .0 4 0 0 0
NOV........ 14 2 3 0 . ...... 0 .0 7 8 7 0 0 .4 3 0 0 0
NOV IS 233  . 0 .0 7 6 5 2 0 .3 2 0 0 0
NOV 16 2 3 7. O'. 0766  7 ' 0 . 0
NOV 17 2 37 . 0 .0 7 7 4 4 0 . 0
NOV 18 2 3 6 . 0 .0 7  791 0 .0
NOV 19 2 3 5 . 0. 0 7 768 0 . 0
NOV 20 2 3 3 . 0 .0 7 6 6 2 0 . 2  5000
NOV 21 2 3 3 . 0 .0 7 5 9 5 0 .1 3 0 0 0
NOV "22 2 3 3 ." ' 0 . 0  7 56 5 0 .0
NOV 2 3 232 . 0 .0 7 5 0 8 0 .0 3 0 0 0
NOV 24 2 3 1 . 0. 07 37 7 0 . 0
NOV 25 229 . 0 .0 7 1 9 9 0 . 0
NOV 2 6 “ “ 2 2 7 . 0 .0 6 9 7 5 0 .0 4 0 0 0
NOV 27 2 2 5 . 0. 06731 0 . 0
NOV ~ "28" 2 2 3 . 0 .0 6 4  66 0 .0
NOV 29 221 . 0 . 06178 0 .0

“NOV...... 30 2 1 9 , 0 . 0 5 8 8 3 ' 0 . 10000
____________________

GALLONS OF FJLHW DURJ NG MONTH I __ 7 0 4 3 .
PDU NOS OF ACID OUR IN G MHN T F ' I S  2 . 5  
I N C H E S  OF_ R A I N _ E N T F K I N G  STCRAGE IS 0 . 2 8

AC I D  REMGVFD 6Y I N U N  CAT I" CN ' 0 . 0 4 4
AC ID REMOVED HY GRAVI TY D I F F U S I O N  _  I ._ 8 5 8
AC I D R EMCV EO RY LEACHING 1 . 6  74



0  AT F________ FI. CM, GPO ACID, LBS_____ RAIN IN .

DEC I  2 1 8 .  0 . 0 5 6 3 4  0 . 0
OF C 2 21 7 .  0 . 0 5 4 0 9  0 . 0
DEC 3 2 1 5 .  0 . 0 5 1 9 7 _  0 . 1 0 0 0 0
DE C  4 ..............2 1 4  .  0  . 0 5 0 3 8  ‘ '  0  .  2 0 0  0  0
DEC 5 2 1 4 .  0 .  04 9 9 2  0 . 0
DEC " ‘ " ' 6  2 1 4 .  0 . 0 4  9 8 5  0 . 0
DFC 7 2 1 2 .  0 . 0 4 9 7 3  0 . 0
DEC ' fi 2 1 1 .  0 .  04 94  1 0 . 0
DEC 9  2 0 9 .  0 . 0 4 0 8 3  0 . 0
DEC "" 1 0 .......... ' 2 0 7  . 0 . 0 4 7 9 9 "  '  0 . 0
DFC 11 2 0 5 .  0 .  0 4  6 9 5  0 . 0
DEC 1 2  2 0 4  .  0 . 0 4 5 7 6  1. OCOOO
DEC 1 3  2 3 8  .  0 . 0 6 2 9 2  _  0 . 0
DEC 1 4 2 5 8. '  0 .  0 9 9 0 0  0 . 0
DFC 1 5  2 6 7 .  0 .  1 1 6 9 3  0 . 0
DEC " 1 6  '  2 7 0 .  0 .  14 4 5 2  0 . 2 6 0 0 0
DEC 1 7  2 7 0 .  0 .  1 6 4 9 8  0 . 2 4 0 0 0
DEC..............1 8 .........  2bf i  .  0 .  1 7 8 6 2  0 . 0
DFC 1 9  2 6 6 .  0 .  1 8 1 7 4  0 . 0
DEC 2 0  2 6 3 .  0 .  1 8 0 8 6  0 . 0 4 0 0 0
DFC 2 1  2 6 1 .  0 . 1 7 7 G 0  0 . 5 3 0 0 C
DEC 2 2 ' 2 7 6 .  0 . 1  f 75 9 0 . 8 8 0 0 0 '
DFC 2 3  2 8 ? ' _  0 .  1 8 7 7 9  1 . 0 4 0 0 0
DEC 2 4  3 2 3 .  0 .  2 6 0 2 0 ................  0 . 0
DFC 2 5  3 4 0 . _  0 . 3 2 3 3 0  0 . 0
DEC " 2 6  3 4 5 .  0 .  3 7 4 1 8  0 . 0  '
DEC 2 7  3 4 4 .  0 . 4 1 2 3 0  0 . 0
DFC 28 '  "34 0 .  0 . 4 3  8 4 8  0 . 0 "
DEC 2 9  3 3 6 .  0 .  4 5 4 2 3  0 . 0
DEC 3 0  3 31 .  ~ 0 . 4 6  1 3 5  0 . 0
DFC 31  3 2 6 .  0 . 4 5 1 6 1  0 . 0

G ALLONS CF FLOW DURING MC M H  IS ’ 8 1 4 4 .  
P OU NDS  OF ACID DURI NG MONTH I S  5 . 4  
INCHES OF" R A IN ENTER ING STORAGE I S '  1 . 1 9

AC ID R EMQ V E D 8 Y IN UN D A JI  O'J 2 .  0 7  7
AC I 0  " RE MOV ED 'BY GR AVI T V ' j j  IF 'f O S UJN ?  .  1 1 6
A C I D  REMOVED BY LEACHING 3 . 4 2 3
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SUMMARY Or DATA FUR 1 9 7 0

GALLONS C.F F^UW DURING Y FAR I S  937Jb.  

POUN DS O F AC 10  HUR ING__YE AR IJ> 8„3_T._

I N C H E S  OF RAI N E NT E R I NG ST CRAGE IS 7 . 3 0
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APPENDIX D

INSTRUCTIONS FOR USE OF MAIN PROGRAM

The use of our p rogram  fo r  prediction  of flow ra te s  and acid loads a t 

o ther s ite s  is  described  in th is  appendix. The d iscussion  p resum es that the 

re a d e r  is  fam ilia r with the technical content of the m odel and needs only 

’•nuts and b o lts"  inform ation to use the com puter p rogram  fo r h is system .

The application of th is  p rogram  req u ire s  that the u se r furn ish  th ree  kinds 

of Information:

1. Specific p rogram  sta tem en ts a s  described  below

2. Data describ ing  sy stem

3. M eteorological data

The u se r  m ust fu rn ish  sta tem en ts identifying the input and output channels 

of his com puter installa tion . T hese s ta te m e n ts  have the form :

IN = Input channel num ber 

IO = P rin ted  output channel num ber 

IP  *= Punched output channel num ber 

The sta tem en ts rep lace  the IN, IO, and IP  iden tities at the beginning of the 

program . These a re  channels 5, 6 , and 7 respec tive ly  in the Ohio State 

U niversity  com puter system . The o ther s ta tem en ts to be supplied in the main 

p rog ram  a re  sta tem ents describ ing  the fluctuations of the w ater table in r e ­

lation to  the coal seam . The new sta tem en ts rep lace  the section from  

sta tem en t 2306 through 2315. If inundation rem oval is  unim portant, the

155
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w ater table section  and also sta tem en ts 1647 to 1653 may be deleted.

A descrip tion  of the sy stem  is  the f i r s t  inform ation to be read  in a s  data . 

D ie  v a riab les  and fo rm ats a re  shown in Table 8. The f i r s t  data c a rd  con­

ta in s the num ber of length (NFEET), layer (NLAYER), and depth (NDEPTH) 

Increm ents which will be used to  rep re se n t the coal seam . An output contro l 

(NPUNCH), described  on the following page, is a lso  read  from  the f i r s t  c a rd . 

The s i z e , in  fee t, of the length (Dl) and depth (DK) increm en ts a re  read  from  

the second card . Alkalinity of the ground w ater (ALKALJ), the  elevation of 

the top of the seam  re la tive  to  a datum  plane (TOP), and the slope of the 

seam  re la tiv e  to horizontal (SLOPE) a re  read  fro m  the th ird  c a rd . The fourth 

ca rd  contains an estim ate  of the w ater shed a rea  of the mine (WSHED), the  

provisional w ater holding capacity  (PWHC), and the in itia l roo t s to rag e  w ater
a

level (PWATER). If no data a re  availab le , PWATER may be se t equal to 

PWHC. Monthly values of the potential evapo transp ira tion  a re  read  fro m  the 

fifth  c a rd . These values m ust be m easured experim entally  o r  estim ated  by 

an em p irica l technique (such  as the Thornth w aite-M ather method (42) ) fo r 

each s ite .

A se t of NLAYER c a rd s , one fo r  each s tra tu m  o r substra tum , follows the 

in itia l da ta . In addition to the na tu ra l division betw een coal and shale la y e rs , 

i t  is  d esirab le  to subdivide th ick  binder lay ers  into th inner lay e rs  fo r compu­

tational purposes. In our te s t  c a se , the coal lay e rs  w ere divided into 

sections of no g re a te r  than six  inch th ickness. The na tu ra l shale  lay e rs  

w ere one to  four inches thick so no division was n e ce ssa ry . Each ca rd  

contains a b rie f  a lpham eric  d escrip tion  of the s tra tu m , the elevation of the 

bottom  of the s tra tu m  re la tive  to a datum  plane, the oxygen consum ption in 

the m ate ria l in m icrog ram s oxygen consum ed p e r hour per cubic cen tim e te r,
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and the void fraction  of the b inder.

The final batch of descrip tive  input data is  the in itial quantity of oxidation 

products s to red  in each increm ental volum e. If in itia l values a re  not known, 

they may be estim ated  by assum ing they a re  zero  (by in se rtin g  an appropria te  

num ber of blank data ca rd s  ) and allowing the p rog ram  to run  for a sim ulated  

period of th ree  to  five y e a rs . Storage values will be built up in the STORE 

(I, J ,K ) a r ra y  in th is sim ulation. These values may be obtained as punched 

output by reading  a positive value of NPUNCH on the f i r s t  data c a rd . The 

punched data may then be recycled  as in itia l conditions.

Once the sy stem  has been described , day to day w eather data a re  read  

into the p rogram . Each daily  data card  contains the month and day, (AMONTH 

and IDAY), the inches of precip ita tion  (RAIN), the hours of duration of the 

p rec ip ita tio n  (RTIME), the m ean tem p era tu re  (TMEAN), and the oxygen mole 

frac tio n  (OXY). Each of these  data , except OXY, m ust be included on every  

c a rd . OXY need only appear on the f i r s t  c a rd , and th e re a f te r  only when its  

value changes. The rem ain ing  data need only be read  fo r positive changes,

i . e . , p rec ip ita tion  o r  tem p era tu re  changes. O therw ise, the p rog ram  will 

assum e zero  ra in fa ll and constant tem p era tu re . During w arm er w eather, 

i t  is  adequate to assum e the monthly average  tem p era tu re  since the chief 

p rog ram  use of the tem p era tu re  data is  the calcu lation  of freeze-thaw  in­

form ation .

The month m ust be read  in as standard  th ree  o r four le tte r  notation:

Jan , Feb, M ar, A pr, May, June, July , Aug, Sept, Oct, Nov, Dec. No 

periods a re  to be used in these  abbrev iations.

In addition to the w eather c a rd s , output contro l c a rd s  may be included 

in  the data deck. On these  c a rd s  the word "Y ear"  is punched instead of the
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month, and the y e a r  num ber of the preceding y e a r  may be punched. Placing 

a "Y ear" card  a t the end of a block of data will give a prin tout of the sum m ary 

fo r  total flow and acid load since the previous ,TY ear" card . Monthly review s 

a re  always printed, so the "Y ear" card  perm its  q u a rte rly  o r  annual to tals 

to  be printed. The final data card  m ust contain the word "End" in the month 

s lo t to term inate  calcu lations.

The f i r s t  output from  the p rogram  is  an echo of the d escrip tive  data.

The norm al output from  the program  is the daily flow ra te , acid load, and 

the quantity of precip itation . In addition, monthly to ta ls of flow and acid 

load a re  printed. The monthly acid load is a lso  divided into the amount 

rem oved by each of the th ree  rem oval m echanism s. The to ta l re flec ts  the 

alkalin ity  of the ground w ater so it is le ss  than the sum  of the th ree  sub­

to ta ls . As was mentioned above, provision has been made fo r  printing 

longer te rm  sum m aries of flow and acid load data if such a re  desired .
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C ard  1

Colum ns

C ard  2

Colum ns

C ard  3

Colum ns

C ard  4

Colum ns

C ard  5

C olum ns

TABLE 8

INPUT DATA FOR COMPUTER PROGRAM

D escrip tive  Data

V ariab le  F o rm at

I - 5  N um ber of la y e rs  15

6-10  N um ber of depth in crem en ts  15

I I -1 5  N um ber of length in c rem en ts  15

16-20 N on-zero  if final s to rag e  a r ra y  15
d e s ire d  as punched output

1-10 Length of p e rim e te r  in c re m e n ts , fee t F10. 5

Length of depth  in c rem en ts , fe e t F10. 5

I-1 0  Ground w ater a lkalin ity , ppm CaCOg F 1 0 .5

I I - 2 0  M aximum elevation  of fro n t of se a m  F 1 0 .5
re la tiv e  to datum  p lane

21-30 Slope of seam , per cen t F 1 0 .5

I-1 0  W ater shed a re a , sq u are  feet F 1 0 .2

I I - 2 0  P rov isiona l w a te r holding capac ity , F 1 0 .5
inches

21-30 In itia l roo t s to rag e  w a te r lev e l, F10. 5
inches

1-5, 6 -10  Monthly values of inches of po ten tial F 5 .2
ev ap o tran sp ira tio n , in o rd e r ,  Jan u ary

11-15, e tc . through D ecem ber



TABLE 8 
(continued)
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C ard  6 to NLAYER + 6 

Columns 1-8 

9-10 

11-20

21-30

31-40

N orm al data card  

Column 1

2-5

6-8

9-10

11-20

21-30

31-40

41-50

D escrip tive Data 

V ariable

A lpham eric descrip tion  of layer 

Blank

Elevation of front of layer re la tive  
to datum  plane

Oxygen consum ption, m icrogram s 
per hour per cubic cen tim ete r binda:

Void frac tion , void volume per to ta l 
volume

M eteorological Data

Blank

Month

Date

Blank

P rec ip ita tio n , Inches 

D uration of ra in fa ll, hours 

T em pera tu re , deg rees Fahrenfeit 

Oxygen mole fraction

Sum m ary ca rd  ( as frequently  as d e s ire d )

Columns 2-5 The word l'YEAR"

51-54 The y e a r num ber, if d e s ired

Form at

2A4

F10.5

F10 .5

F 10 .5

A4

13

F 10 .5  

F10.5  

F10. 5 

F10. 5

A4

14



TABLE 8 
(continued)
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M eteorological Data 

V ariable

F inal c a rd  (place a t end of data deck to  term ina te  sim ulation) 

Colum ns 2-4 The word "END"

F orm at

A3
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