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INTRODUCTIO}I

Any intensjve use of the Earth's resources carries with it the potential
for advdrse environmental consequences. Mining is no e-xcept'ion. .Almost
50 billion tons of otA min.ing and hineral processing wastes lie.scattered about
the United Siaies; over i Uill ion tons more a_re generated each year.
Environmental ..guiat.ions now control mining and reclamation practices at most

active operationi, Uut past praiiic.s have Ieft a legacy.of sites contam'inated
by polluted mine water ind slbiect to erosion by wind and rain.

In the United States, mining adversely Sffects - -over !9,3-0q . km

(12,000 miieil oi rivers and streams aird over 730 kmz (1q0,0.00 acres).of lakes
ind'reservoiri.-'ni least a third of this contamination is due to acidic water
generated UV in. .rpoirt. and weathering of pyrite (iron sulfide) (U.

Pyrite is a very common mineral , asso.ci.ated with most metal d-eposits and

with ma-ny r.air.nt.ii r*ld. It is iormed in an anaerobic (very 'lo.w oxygen)

environm6nt,-and dec6mposes to iron and sulfuric acid upon prolonged .Ipo:!19
to the atmoipnere. Because coal also forms in an anaerobic envjronment' coal
and the rock strati triiounding many coal beds often contain high concentrations
of pyrite. -in-f.;t, pirite conient is the most_ important parameter, !11!
disdinguishes 

-ihigh 
sulfur" from "low sulfur" coal. In the eastern un'itecl

States, acid mine'dr.inig. (AMDi-is primarily_associated with the minin-g-of coal;
jn the western unilea iiitei, tt, is irincipally a result of mining ryet.a.l]'ic ores.
The same two source types are respdnsibld foi most Al'lD problqqs in the various
mining regions of t6Jw*f O, suUJett to local rainfall and depth- of mining, both
of which infiuence whether-or not surface drainage occurs at all '

The effect of Al'lD on streams and waterways can be very dramatic. In the
worst cases, virtuatfV-afl aquatlC life disappears, river bottoms become coated
,itn . f iv.i oi *f,it ioots Iike-rust particl'e's, an{ t[e pH..plummets. By way. of
compariso-n, ailO iiin has a titratabl6 acidi!y _of 10-.15 mgll (a measurement that
reflects ttie amounf of alkaline miterial ICaC6r] required to neutralize it).. 4t4D
is typi..itv zti-goo times rnor. aiidic. -As 

a-re,suit_, ac_i.d -r.ai.n is principally
. pr65t., *fi.* ite.oift and soii contain very little alka'linity.. AMD,-though

much more toiailieA in itt influence, is more concentrated, and in sufficient
volume, can overwhelm the normal buffering capacity of almost any stream.
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However. ,!.r:ls some good news. In the last 20 years. ,
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jchemjcal neutrarrzation;;;il'ir,g mr;;'*.#;ir.li:.!1ryed,-now required at aJI

mrnes that are nor-,- or travJ;i,; $1, iJfir.'iince_ paslag! oi various Federal
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,#'
,ffi
w
14.

#
,.[
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FIGURE 1

- other facto.rs that have contributed to improved stream water quarity are
Iiijii:il'i,flTril"lli'11,;it:, .naturai-,i,-,,r'idrati* ii,ir' ., where exposed
ii,r-.i!.. it' i'i. nnoJ,oui;:,'riTfulll1li.il,LTlrl,t.li..i',..r",:ti:if 

;ii?i;rs armost excru.si_v-ei1 ;j;fi1.iea *iirr-';;;;';i;;;i iiu-=.ro.iion.o before *16
current resulations ient into-.irJii...,.i;iariation is ueins_conducted usino
i:"i:{i:li'iffi'frfi'ffiTiift1.*,;,1,,ft.,'1,;;;;, 

'iniE"l'..-iii.i';; ii';l

d,ril{ jilLH:',iJ,ffi 
i'{t*h',';,ffi {l$*:f rh'#tr:*,l

^ As a result
rennsytvania has a

I{ATER QUALITY Iil r{I}tED I{ATERSHEDS

of applolimately ?OO years of coalsevere Al'tD problem. rwlniyle#s ago,
t-2

mining, the state of
more than hal f of the



l;3:,iiii:',;r';fl1:s',,o.fl3;lil'.;:i,"i'Jli"llil,l.in.,.,,,ii:!{'1[-i* !iXillir:,lliil
For example, in 

"rr""tiJ.n'F.nni,f rinil, witer.samples- collected at the junction

;;' ;h;";on;ng.r*ii-ino *,. !'iiiljidls'il#1's ,;3tl;:"*rlt'uol"q'.'1-iiri!i
i:;sli::lilloniJ%lif ,T ,il}! 

"?i 

t"r.,L v:,,igiii ogh.nv Ri vtr, . 
.p.p.'.nii v- oue- io- *rL

construction of 
'r.l.rroirl igi..''R-i...niiv-compiLtea anityii s. of water qual ity

records for il,.''vo-ugn-i^*l* nir., 
-inaiiates'that acidity has continued to

decrease, averagin-g 12.lIIoT fgtilo igii,-i'O fto' tgZO to-t977 ' 6'5 from 1978

to 1984 and r.6 i'.* igas t. iggi. 'r,6Jt or *rli subsequent improvement is

orobab'ly due t. dr.it*..i.td;ft;tt'Jni of eftiuent ti'mits for the area's

active mines.

As an exampl,e 'r l1!..111.ir#r,,l.lllliff'';.H!:iii:;itt:;X.T'i;.';:llfilli
llinill,*':,:l li: :x:T Jl#;ing industrv. 

-'itlid 
oro'mines were abandoned

and allowed to fiooA-over ZS Viitt'.go' -lq nrotect surface structures' near-

surface drainage'-tr.*l;, fn6iti'i,-l'tftiid' 
-;ttt 

constructed to I imit the

recovery of il'.= -,'.lJr='riur..-^"Tri.- n-tr.*, guttonwood and, South I'liIkes-Barre

outfars now drain a mine poor eil'ima[eo to coniiin o r 10'm'(1'6 x 1010 ga11

of mine waterl" 
-rn. - ihr.e- *iiiiirt togettrer discharge about 2 n"/s

(32,000 sat/mini or unir..i:9_l.taii'*ii.t.i.io th. s'iq*lltt River (5) ' The

inundation ot 
''the 

mine *rriifii" iiriirl:l- pilia; 'oxidat'ion bv I im'itins

atmospheric contaci. i6.rg6 ..i'iit water a'trea6 foimea must be flushed out'

very ritr. n.* 
-iliri ii ioimin;:"'l;'-;-i.ruii-oi 

'inundat'ion, aciditv at the

outfalls decreased 7-a- pc!-.and''rulflit-tonitnttJioni decreased 49 pct during

the period r96a to 1979. lrne g#L*:,ii.-tuii.i.lnoii.tes that the improvement

is nbt simp.ry caused by neutr.aiiiliirrl. _itr..pi-oui..ved ranged from 3.3 to 5'6

.in 1968; by rgid,-tt'i", nia i*p'*,.a d' 9.e t.o.;:i: iimptlig or water .in the

ftooded mine worliins-s uv t.hg d;;;;; # ili*t 
-inaitittd 

tha! the water qualitv

at the outfarri'irii',iio-igltjl,iJ'to-iry..r.,-foi 
g3 p.t of the mine shaft water

samples cotf..[.a"r.; ;ifatin!,"riit,'pi;i'as high hs 7'8 (5)'

A third Pennsylvania example documents the effect of rec'lamation and

naturar ameriorationr rne rurfiJ't...i iii;;;ri.d;i.orpirt.:i-81 kmz (147 square

mi 1 es ) . Underground mi ni ng *il ;.ti';;-i. lli- .tli itotn l8s4 to the 1930' s '

There-was at so,some surf.lci ,iiii,ig-"ii-tt. 194-0';,-ind- o.ne .sma, surface mine

continued to op.'rii-. unrii r.il-iv'".1...I;iJ-:_:liit.i qu.ritv l! the Turtle creek

,, i [. . i [. 0 *.,'',l,l.l r v' i',,p.ii;3. lJr ^Lt; i'r'f.".1i,1: **t i :' r:1, [l?.T : li :i d I

;itif 'll-:ti-,1',tri:lllli'^il[!lt,.q"--iliilill;*{'J.'#iiL}lf 
tf; }:''['o

exceeded 1r million dollarq._ 'irr?lgi-t"e*L and st.t. moqey (funded throush a

rax on coal produced and. publi.iv--lli"a uqn$;:';t;il;iil;i1i itt available for

recramation of abandoned *1n.f 'il;i;k 
ii..lii.-l[leatenin-s-conditions 

and the

retatively small size of the impacted.r.. r.ig.i-.a.giint! il:h an expenditure'

In fact, actuar expenditures ,i'IJi; .-..tr.i dl.ro in 
-the 

wat-ershed prbbabry.did

not exceea onJ;ifii#.oi,i'rirr;;;.;! irnat r.ie used to seal some mine openrnss

that were attowing uncont.rinil.d'*ine water to'Jn-iJr *.-Jto mine workings and

become porrutli]"r*on.[ii;il;;;;;ter' quar.itv u.gi;-io improve durins the. le70' s

and ear.ry r980,s, to the poiit"ii.,it Titt inJ-iurtres can now once again lrve

there. r*rost of this improve,ilirt"li. pro6.ur,v be attributed to natura'r causes'

as the most readi1y oxidized'oii,;;"-;;-;;iairatIv consumed'
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}IEI{ AI,ID COI{TROL TECHIIOLOGY

The effect of AMD on stream wqtel.quality,.though.only two-thirds of whatit was approximately a aecaae iqo, contiriues til be.a major lroblem for the u.s.It is now principaliy associitii ,iiih;ifi;.naonea m_inis; ir in.se sources areto be controlreil, ii wiII oe-at public.ii.nr.. In iiiiion, the rong_termI iabil itv of water treatment n;t:l.-ir.1*'a"rffiiqln,_ expense factor that affects
;:ffi?51'{,,[J'ff,', ,'t[,^'n,;[i?1:,f;;;"'-' 

- 'ii!,l'tn.i.]I, 
'i,Lii.r, aevei;p;;;;;

Passive Treatment of Al{D

One such development is the discovery that weilands can be estab'lished inacidic mine water, ana that tt.r. wetlano! iiiuaily help to purify the water.As a result, dur.ins. t-he -pasr 
-i;_ 

,;;;;;- r;:; 400 smail 
- 
wefianos have beenconstructed on mined Iandi for thJ"i;ji'lrJ'ilrpor. of watei treatment. Ingeneral, thev consist of a t.ti.r or sfiaiiow"po'nJr-piini.o;fi'cattai ls (Typha)(Fisure 2)' Most of theie biol;si;J''ti,r"ltfi.iii 

'r'i;;-d;;;'b..n .onrtructedbv active mining operations to re?uce tir.lr'*iier ireair.nt-iortr; in generar,the wetlands ha-ve 
'paid f;; itiir constiuctron 

-costs 
in less than a year. Inaddition' an incrdasing nuru.t .r. f.i1s'Ionstructed by state agencies atabandoned mine sites, wrri:re-improvements ii eiliuent water qua'lity can direct-lyaffect the quality oi recelvini streams.

lz

, l.l

\l
Polluled'ocid
mine. droinoge

v

t' rr \.'

FIGURE 2
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Theprinc.ipletreatmentprocess.inmostofthewetlandsystemsisbacterial
oxidation of ,rJn,= ffi-il-'; i9i*, extent, manganese.. For this reason, most

wetrands r,.r. uJ.i .oiriru.t.i-ii .J.r mines rither than metat mines. Metal

uotake by plants, algae -ana. 
evJn ite'suuttrate contributes somewhat, but is

rimited by the 
'amouni- or uiomai'i. 

- 1.* neutrar'ization also occurs, due to

surfate reduction"ini-dissorufion of rimestone in the anaerobic zone.

The Bureau of M'ines js developing emp'irical sizing crjteria' based on jron

removal , that tat<es into ...ouni;Jt.; cn6mistr.v as wel-l as flow rates' If the

inftuent water has a pH above 9, ii"iin;i;!;11 250 ft2 will remove a pound of

iron a day. rr'irre-iinuent P!'i;:4-5, twice as much space is required' At a

oH of 3.0-3.5, .tl".it-12,0b0 ii''ii'required to remove the same iron load'

fTr;it;;-i;';i.;ti.rd ii'alto .*p..t9J l,' improve pH and/or lower mansanese

concenirations' even more space is requlreo'

Another passive technique to treat acid mine drainage' anoxic alkaline

dra'ins, has recently been devef op.i. 
- 

U-ater tltlt is low in oxygen' with 'iron jn

the ferrous (Fe'*) rather ttt.n'ii. i.iii9 (f.'.) form, is intercepted bv a

limestone-f.illed trench. The'rir.rt*. it'isol'ated from the atmosphere by

or ast.ic sheeting and a cl ay ..p 
'io-pr.r.nt iron ox'idation and armoring of the

iimestone by feiric hydroxide.'OirJ.frtig; ;f the limestone has raised the pH

from tess than + to over 6 at seie;;i ii;ia si.tes (g)'. Longevitv of treatment
.is an obvious concern; to date,'-t'h; oio.rt test systeh -has been functioning for

20 months . Thi s i s, however, .ii:..iv-i[it; timei as I ong. as previ oyt t-i]i ]1:
systems that oia ni,t contain th;-piastic sheeting, giving some reason tor

ootimism. As arready noted, tte"elriiiilt oi.ionstiucfed weltands is djrectlv

aifected by influent pH. Anoric"aik;ii;;drains wourd therefore appear to be

a useful initial step for. a 
'u-ioiofi.ll treatment system; Tennessee va11ey

Author.ity (TvA)ji.r-iiieaoi uegri'i;eo,bine the two svitems in that manner (z).

Currently,BureauofMinesscientists.arefocusingonoptimizingthe
activity of ,uti.[I'r.auiing d;.i.;;;-l[.t thrir. in the-wetlands' anaerobic

zone. Not only'd*; thl acti;iiv .r t1.tl u191eria consume aciditv, the hvdrogen

sulfide tnev pro-a'ui-e;;;.t, wit-rimosrheavy metars to produce virtually insoluble

precipitates. iiri-rouio greatii'l;;r.;6 water treatment efficiency' avoid the

oroblem of sludge accumulation'.;;il.,t-0.-Yi!h the oxidation and hydrolysis

reactions ana exiend the .ppri..[ifiii-!]. uiolggical trea.tment to metal mines

(g,9.). It sfrouid itro be nbied-i[;i ii,tf.tt-redriction systems' once perfected'

may not requr.. . r.tt.nOs systlr.''Ufiiiln q fty1 yt11s' wd hope to have deve'loped

sept.ic systems ifrit-riit fulnctjon in 
-.UinOoned -pi!: ot eveh perhaps abandoned

underground entries, requiring.'ilf V 
',p'g,l",l;Ji; iObition of organic material s to

fuel [he sulfate-reducing reacti0ns (P)'

At-source Control TechnologY

An alternative to treatinq the acidic water is to abate the acid generation

at its source. The gener.f fy-'.*..*niJ.O;;.t,q;d of curtailing AMD generation 'is

to inundate the pyritic materi.rl-it'EiJby vir.tyally gl iminatils OV.ite ox'idat'ion.

This has pror.ri"to be ru...rriui"li-iri,naai'ion is completi, such as in the

anthracite example cited earti-erl' incorptqts inundation, usually caused by the

dip of the min.[ i.i* or vein,=ri rril#1.ute f]uctuations, simp'ry moves the
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::lJ';rffilli:l:t zone to a hisher elevation in the mine or spoir without reducins

invor,Sl 'Jf..'iiij!:iif iinif..,!1.31:if,!ilfi,o:..'f..1.j.iil.,,,.,ix1J.?:i.ff;rapidity of pyrite oxidation. Mionic t:,,iriti.r1g (common .t..nring detergents)can be used to decrease the'ictiviiy ;ii;;;;'ilat.i;;'iri ir,.".oy retard pyrite
;il5i:i?l; n]l';.:fi::i[;;:l':lippriiarre to ioii ili,;; pires, where acid
ivaste inaiciie. sreat *"*,u,:,_,1:.ff',|!):r,q:i?',:llr# 

"rrtir;i*rliiii,lil;bacteria in a.ci.d-sener.i'ioi";, smilr-i..1.- tirl, .11*ld ti.r.ror. be conductedbefore fierd triari .t ;;l;i'mine iii.r'ir.".onridered (g).
The surf

re, e a s e i, ffi ;T{t! iii ?:,x{11ii,il,!1 J' ff ,i:,1 :i'!# il TJ','0, }...,*1.,, l5 f ;i5'fii:15',ii! i::fi?r1',:,',,x'Ji,.J.,riljj;,;#*#;'ii"ir#.: ;, d;iur. irv,

,.rrt.?lliiri"litTiilat-source control utilize chemicar additions to provide
p rec i p i t at i ng re ac t ah t s . 

- 
rr"l 

" " 
r-r,' =,"-''11, I{is,rit.n.i,rii,::ui;,t'l',ily,[u+*+:,lll,ff ,]:ii*ii,#*illi; jii

be neutrat ized:,llk1r ir. i],i..ti.., t,g;'g..;.r ry rqr3n inappr icabre for surfacemi nes ' due to t!-e rel ati veil-tir.t-t it.A-;;;;dence time and 
'heterogeneous 

f J owbut Bureau researcherr .r.",ri, .onrideri* ilr. qppri;.biriiy for underqrornimjnes' where larse pooii-oi- ac-i-a' ,.-i.i"iriii.f.'.;;;;liiirry neutraTized.Alternatively, .af stirrace lrin.r, surface .ppii..ti,on.';i,;ikalinity can beeffective al sites wtrere-ai'iil ni.rii;;;";.;l'l are modest. Also, universityresearchers at trrest virginii ina r'rontani's;;; are evaluating the economics oius i ns phosphate rock io io; i iJ,i- 'pio-rpi.i;, 
il:',.:,&"'lu.tai r i ns pyri teoxidation.

on. ,..lill';!y"!fiIH-,,,*:[;T,rX.., fii,fil'lr'irff? Tn.l,]xff,,1#r,,#.,"1:;[;;
l;ffi ;.[!?T #'i:"r?ilrl'. i'.'ro#,lr'"' teil r ng ion.r. are p i npo-i nt.o us i ns 

-t 
6 rra i n

conventionai siging ;etioj,r 'flr'.'ratlilljt:il.ii:T:,Ttili;1.,i#r,,,.,1r;i
polvurethane q:rout -inj.it.o 

Leneath tnJ r.aire'ni-water interface. The cost oerlinear foot ii as 1fi * r"ii"i.r,_.i ;i-.;;;;;ijon.r.stream replir, in addrtionto the savinss 
:1t1i1gd uv i'p..iri;.liy-;;G;ii'ns the water i'oi, .on.r. Lono-term prospects are alto.sui.tlJi, tinc.ir,l-siiui-i.ared s-treamu".o rs not subjeitto damage by storm eve-nts br tree growth. 1;;;;-in slreim;.br,-.-active.longwalloperations and an ord, auanoonda 

-;;;;-;rii;rr.r- 
,in. i".r'. o..n exrreme)ysuccessful [-A).

causes
worl d.

cot{cLUSI0N

Acid mine drainage is an extremely persistent form ofwater pollution, andsignificant de{radati6n-'o} *.i.r' qrariii in' 
-r,ring 

regions around theThe united Staiet r'ir-iaji.rrla tn..-i, bi.lh;; ;i strictry resuratins the
1-5



effluent waters from mining operations, by r-eglaiming.abandoned mines and by

developing new teif'niques [o impiov. tfre. ifua]-ity o.f mine water at active and

iuinaoneo-mi ni ng 
-op;..-iioni. niti re mi ni n! .op_erati ons contri bute to the cost

;i-;;;i;iming ifi.nioned mines throggh a.spe-ctil tax on each ton of coal mined,

and in addition spend over one miition doilars a day_ to treat contaminated mine

*ii.r from operations that are, or have been recently, active.

As a result, the adverse effects of acid-ic mine water on the streams and

rivers of the United States has beenlubstantjally reduced.. T.he AMD that remains

;;;;in.il, .1-iong-abando.ned. mine"siies. Recenl research developments should

help to furilrei.r-earice the impait-dh;i this AMD has on the waterwavs of the

United States.
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