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INTRODUCTION 

Coal consumption and productior. increased :tn the ':c.i tee 
States ~n 1985, While the coal productio;, ::.r. tradi:~ _c•?l 
coal-producing states in the eastern C.5. and l!~ t~,'= Appa:o.c 
:reg~on (Pennsylvania, Ohio and West Virginia, in particula: 
decreasing, the coal production in t:he western regior. :~.ncre:o sco< 
in 1985 by 3.4%. The largest open pit mi!1e coal o:ro::ll.:cticc __ _ 
the western U.S. is concentrated in the Rocky Mcu~t:a.in Req2-~~, 
including Wyoming, Montana, North Dakota, Cclcradc and ~e~ 
Mexico. Wyoming produced 125 million metric tons of cca~ ~~ 
1985. The locations of coal fields in the Rocky Mountain Re~iGn 
of the western U.S. are shown on Figure 1. 

The rank of coal mined by open pits in tne w~s~~rn ~.s. 
ranges fro:r. li~nite to hi~;, volatile A bituLtin.JlJS. rr~e ::~a-': 
value ranges from 7,50\J to l-2,000 BTU ;:>er pou11d, ar:r.J c~e ::·~;_:·.:;­
contel"'_t is typically low. Most of the coal is rr.ineC '6y ~~aq:·_:_:::'. 

an::l truck and shovel methods. ?:rocucdon rates reached ';:: . _ · 
mi llio:1 :netr ic tons per year i:J some of '::ht: Wyomir.g m:;.n2 s: 

Coal mining in the west~rn u.s • .4.S contro~j~d by .:;---..-· .-~ 
enviror.mental laws. The Sui:face ~-lining Cont:ro:C and Recla!!''" t:: 0r. 
Act of 1977 established procedures for: cbtair.ing a ";Jer;r," t -~ 
mine• and for developing plans for reclam~tion 3f~er ccm?le~•'' 
0f m.:.ning. A federal agency, "Office of 5:J::-f?.ce ?~:.::.:..n':'' ·H-~ ·· 

established to regulate cne open pic mining ~~ th~ S.E. -·· 
addit.icn, each state ho.s it.s vwn departn:en't res-pc•r.s}_ble ;·::·: 
regulating mining w~thin the particular state. Federb~ and sc~~e 
regulations requ1re an analysis of ~he enVllcc~en~~l i~pac~~ ~= 
mini~g. Of particular concern i:c. t:1e semi-ariC re?.::..·-::. ··;:~ '·~ 

western U.S. is t.he impact. of op~n ;::.:. inini!"':q ·:r. ::~:rfc;cr::' .-~::-: 

ground water resources. ; deta~led eva!~aticn of ~~~ p=e-~!~~·­
hyd~clogic characterist.:cs 3nd t:~-:.8 pot~~T~~:.:: :. ef:ects ::..t ;r:.:~.::..+: ):-· 

tht hy<i=olc-gl~ bi!lar:ce !.n t:!1e area a.:'i'O'r:t'"< 2:-' :u::oi:;o 2.::'0' 

impcrta~t compo~~nts of t~~ stJOies fer e2~h pro?OS~~ ~-r:~ s-~2 

Mos~ Qf t.h~ '::oa. ·L ~er .. ~- t!1c st.~.~t-~ 

~e os:te~ duric~ ~1:he~ ~,~ .. ::.s 
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F-=r:. ... .:r_:, -.=:e~aCP:V'JS a;:-:~ :'c-r-:..1.a~y COd2.-"'.:c,;:::.:.:-.~ ;:').:-~ra"":j_Cr::.:; c:::::r::·_:.;~ 

:~ 1.:rr.e!."c-.; ~ ·:-:-~.:1..... ::::2~ 7< s sE.!:.·a. rt. .::--:= :· !:'·::::;-. ':>!-.-'2: .::. not he!: t;y s::. :~ 3. ·: 2 

cl.c~.t!:te:n-;:-, sil~.;::.:::1s, s:-.. c:.._ ... ~· c.:: ~:.:r::....z·:....cr~e. ?li~ sarldst.c:-te z..~-:.c: cc·.::,. _ 
str~La a=e ~yp~cally ~at~J--n~~r~~a. I!~ ffiany a=eas of ~~e ·~~s~~=~ 
r;. S. t:be cc-:tl s.:ams .?;:.re sigr!~ficar::-::. acuifer£ s'.1p~J yi:1g wat.er :cr 
dorr:-=stic and s":.ccl~ ;;t:.1:'~.r.;s~s.. ·:ne coal st::.-a~a are sitt:ate....! 
~re~ominan~ly in sy~ciinal ~as1~s and, ~~erefcre, aqu!fers are 
~nconfi~ed near the o~tcrops and confined in the deeper areas of 
tne basJ.ns. ?ermecbi.L ties of bet~ sandstone and coal aquJ.fers 
are relatively low. Beth rnateria~s have average hydraulic 
ccnductiv1t12s of apprc~1mately 2 x 10-4 em/sec and storage 
values c~ the order ot' 5 x ::..o-6 • These values were obtained by 
detailed studies cf 12 mining districts in Montana, Wyoming and 
North Dakota (Rehm, et. al, lSSGl. The sandstone: and coal stratcc 
are typically ::-e::harged at t::utcrops by the direct infiltratior nf 
prec1~itation anc snvwrr.elt anc by the infiltration cf water frC)rr: 
surface streams anc r~servcirs. Flow patter~s are controlled oy 
geclogic gradients a:lc structures. Waters from sandstone and 
r::oal. aquifers ir. the "'ester~ U.S. contain a w1de ransc of 
concentrations of most constituents. The concentration of total 
dissolved solids typically ranges from SOC to 5,000 mg/1. :Cr. 
most waters scdiUlll is the principal cation and bicarbonate is th; 
princ~pal anion. However, large an.ounts c::: calcium, magnesium 
and sulfat:.o are found in most aqu2.fers. 

In the western U.S. wnere the coal sulfur ccntent is 
typically low (<0.7%) the acia mine drainage problem 1s not as 
pronounced as 2-n the Appalachian region where about 5, OOC t.ons of 
sulfuric ac2.d are being produced daily through oxidation of 
pyrite {Ahmad, 1974). 

MINING IMPACTS AND REGULATIONS 

Open pit rn1ning cf coal distur~s the pre-micing pnys:cal 
characteristics cf t!le land on whic!i it occurs. ~later.i.als 
removed frcm overburden and interburden of mined coal seams ars 
replaced after the mining operat1on. The crig1nal a~uifers in 
sandstone ana coal strata a~e disturbed and replaced by mine 
spo~~s. Physical ana cheMical character1stics of the mine spoils 
are different f~orn the pre- mining aqu1£er properties. Hydraulic 
pararneterl:> cf mi!le spo2.ls, permeat1lity a~d porosity, 1.n 
particular, are differen-; frorr. t.he original aquifers. Chen::..ca::. 
equ1l1briurn in 1:he p:a-m:nirg ':]drol.ogic system is dist'.lrbed b! 
disposing new chem1cal constl~ue~ts avai~able for dissol~tJc: i~ 
the mine spoils. 

?red1c:io~ cf poE:-m1n:n~ surface and grounc water 
c~nd1ticns is a oart of cla.nr.;.nc; ivr an·r sur~ace mini::;.g operat.icr. 
ir~ the r~ .. S. i~::e c.et.2rniinat-.:cn of -c~e pro::.able !'lydrv:ogic 
consequences of pro~osed ?pen ~it ~lninG and rec~amatio~ 
ope=ations ~-s re~u~re\: h:_.. .:aw anc.") 1s F.:3.:-:: 0f ~ :-~--:12 apt:licat..:on fo:-
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a perm~t to mine. 
include: 

The components of ~he x~~e :n!oact s~~~leE 

o description of base~ine ~Fre-min~ng 
hydrologic conditions: 

o prediction of the effects on these oaseline 
conditions in the area of the mine olo.n and 
adjacent areas by the proposed open pit 
mining and reclamation operations. 

The purpose of these studies is to insure that the mining 
and reclamation plans are developed to minimize hydrologic 
impacts. The studies of mining impacts must also :~ddress the 
probable cumulative impacts in areas where several min~ns 
operations are proposed. 

HYDROLOGIC INVESTIGATIONS 

The hydrology baseline studies for a mine site typically 
consist of an analysis of regional and site specific geologic, 
and surface and ground water hydrologic data. Gaging stations on 
surface water streams are installed and streams are monitored to 
determine seasonal streamflow characteristics and water quality. 
Stream gaging stations typically consist of Parshall flumes with 
continuous recording devices or prefabricated weirs on perennial 
or ~ntermitent streams, and of crest stage gages used in 
combination with sediMent samplers on ephemeral streams. Site 
specific data regarding drainage characteristics, precipitation 
and soils are used to calculate peak flows for a range of st.orm 
recurrence intervals from 5 to 100 years. Hydrologic balance for 
the project area consisting of runoff, evaporatior> a:1d 
infiltration are calculated. 

Ground water studies typically consist of installation of 
test and monitoring wells to all significant water-bearing 
strata. An average of two monitoring wells per squa::-e 
kiometer installed in major aquifers are usually requestec. 
Monitoring and test wells are cased with PVC (?olyvinyl Chloride) 
or fiberglass pipe in most ~ases. Aquifer testing consis~s of 
pumping tests with a p~rnping period ranging between 6 and ~~ 
hours, and subsequent recovery measurements. Pumping tests are 
supplemented by field permeability tests consisting pr~dominantly 
of "falling" or "rising" head tests or "slug• tests. l:r.::und 
water bearing strata are tested for ;;>err:~eability, transmissivity 
and storage. Samples of overburden are collected during drilling 
programs and analyzed for physical and chemica] properties. 
Monitoring wells are used for monitoring water levels (monthly! 
and water quality sample collect~on (quarterly) for at leas~ one 
year prior to submitting the application for a permit to mine. 
Monitoring data are used to develop potentiometric s~rface maps 
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for major aquifers and p2..o'":.s cf water :i.evei. and W.:ltf:r qua~.:.~ .. : 
fluctuations for the period of monitoring. 

Results of aquifer testing are used to calculate wa~e= 
inflow into the proposed open pit, and t.c estil:late t;,e exter.tL::r. 
of the radius of influence around the mine witt t~me. 

PREDICTION OF MINING IMPACTS 

Prediction of mining impacts on the local hydrolog~c ba:ance 
are based on hydrologic baseline studies and the propcsed min~~g 
and reclamation methods. Several computer models for sim~lation 

of the probable hydrologic consequences of open pit mining were 
developed by federal agenci'Ols, universities and consulting firrr.s 
\Day, et. al, 1984: Schwartz and Crowe, 1984; Lall and Sorensor.. 
198.;). 

Studies of mine reclamation concer.trate on the predic!.1on 
and post-mining testing and monitoring of phys~cal and er.err.ical 
properties of spoils and ground water. Predicticr. of pcst-mi:.ing 
water quality in spoils are based on pre-mining water quality ~no 
chemistry of the overburden materials. ':!'he water conta.rr.:natic:l 
po.:ential of spoils is based or, the availability of both water 
and con taminam:s within the reclaimed pits. Based en the 
assumption that the minimum contaminant potential of the spoils 
is indicated by the quantities of water soluble cations and 
anions present, the saturated paste methoJ was developed t~ 
chemically characterize tne spoils tHerget:, 1971). Th1s te~1: 

consists of saturating crushed spoil samples with distilled water 
for 16 hours. The water 1s then removed from tr.e saturated ?as~e 
by vacuum extractior. and analyzed for vario:.:s cations and ar . .i.ons. 
Although this method does not express the influence of suet 
factors as weathering, mi~robe activities, cation exchan~e 
capacities and nonequilibrium chemical reactions, the res~lts cf 
water quality estimates based on the saturatec paste methcc 
correlate well at several mining sites with qaality of the ground 
;.·at:er in mine spoils (McWhorter, et. al, 1974, and 197~'. In 
some cases Ecuilibrium Soluble Xass (ESM) Colum:: Lea.::h 'rests are 
performed or. -the spoils meterials. This type of test: consists 0:' 
passing distilled water through columr.s of spoil, (Figu::-e ;>'· 
collecting the leachate in time ~ncre~er.ts a~6 measur1~~ the 
electric conductivity, or other chemical co~ponent, of esch 
increment. An example of a plot of electric cor_d'.lct:ivity vcrsL:<o 
pore volumes leached fro~ spoil~ resultir.g :'ro::~ a cclun:r leacr: 
test is presented on F~qure 3. 

Results of saturated paste and leach tests on spoils 1~ the 
Edna mine in western Colorado indicated that 2.4 kg c! ~clubls 
;;;alts would be removed from each cubic meter of spoi:cs before ~be 
concentration of the percolate is reduced to a negligible leve: 
(McWherter, 1974). The major che:nical con-::arrl::..rlant:3 we::e fc, ... ~~~ ~." 
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be ca:c~urr., magnes~u~ and sulfate. 
0 verburaer testin; and evaluation 
Geidel (198li, Van Voas1:, et. al 
(1974, 1979;. 

More detailed descriptions ~ 

can be found in Caruccic an 
(1978), and McWhorter, et. a 

MINE RECLAMATION EXPERIENCE 

Open pit coal mining in the western U.S. have been developed 
extensively in the last 10 - 13 years and, therefore, monitoring 
records of the ground water recovery in the reclaimed pits are 
relatively short in comparison with the eastern U.S. and Europe. 
However, due to the rapid development of mining, strict 
environmental laws, and the historical shortage of surface and 
ground water resources in the mostly semi-arid climate of the 
western U.S., extensive hydrologic studies of the reclaimed open 
pit coal mines have been performed in the past decade. 

Physical Properties of Spoils 

The hydraulic properties of spoils, hydraulic conductivity, 
storage and porosity, are very important factors in aquifer 
restoration during an open pit reclamation,. Numerous studies of 
the hydraulic characteristics of spoils have been performed in 
reclaimed open pits in Colorado, Wyoming, Montana and North 
Dakota. Rehm, et. al (1980) summarized available data pertinent 
to undisturbed and reclaimed pits from five mining areas in the 
Northern Great Plains. His study concluded that the hydraulic 
properties of the spoils vary over both the area o~ reclaimed 
land and with time. This study indicated that the hydraulic 
conductivity of mine spoils has a six order of magnitude range 
with a mean of 8.0 x lo-s em/sec. Variability of spoi"s 
permeability is due tc spatial variation of overburden lithology, 
the method of mining and spoils handling, and the timt cf yeac 
during wh1ch the spoil is handled. Several studies indicated 
that permeability of spoils handled by a dragline is higher than 
that of spoils replaced by a truck and shovel operation. 

Van Voast, et. al (1978 and 1985) conducted an extensive 
evaluation of the pre- and post-mining g:::ound water regime i., 
several open pit mines in 1:he Powder River Basin of Mor,tana. He 
found that ground water re-enters spoils shortly after mining aroC: 
that the hydraulic conductivity of spoils is statistica::y 
similar to that of coal beds. Van Voast's studies i~dicated tha~ 
a confined type of aquifer developed at the mine floor wnere :ror·e 
coarse spoils accurnulatec during backfilling of the open pi tc 
near the Decker and Colstrip areas of Montana. A confining nr 
semi-confining bee 1.5 developed by finer-grained spo1ls. Ttn!" 
has been confirmed !:Jy the values of storage coefficient ( l - 3 >­
lo-5) resulting from pumping tests in spoils. Post-rniLing water 
levels were found to be similar to pre-mining levels. 
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Water Quality J..n Reclaime:' -:::c-sr o::~ 

Comparison of water quality in pre-rr.ir.inc sandstone and coa: 
aquJ..fers with water quality in spoils of reclaimed pits are 
available from many mines in Colorado, Wyoming, Montana and Nortt 
Dakota. Most of the monitoring data indicates that the chemistry 
of spoils waters is highly variable, reflecting the lithologic 
and geochemical variability of overburden materials. Research 
completed in the coal and spoils of the Decker, Montana mine (Van 
Voast, et. al, 1978) indicated that spoils contained much more 
calcium, magnesium and sulfate when compared to the coal water 
quality. The total dissolved solids content in the spoils water 
was 2 to 3 times higher than in the pre-mining aquifers. This 
conclusion was confirmed in other mines in the western U.S., fer 
example in the Big Horn mine in Wyoming, and the Edna and Colowyo 
mines in Colorado. 

In a study of the environmental effects of western Colorado 
coal surface mining (Skogerboe, et. al, 1979) it was concluded 
that higher concentrations of arsenic, iron, manganese, selenium 
and zinc are found in waters draining mine spoils and that the 
concentration of these elements varies with spoil age. Manganese 
and zinc concentrations are higher in older spoils and arsenic, 
iron and selenium are higher in newer spoils. However, these 
conclusions were not confirmed on other mine sites. 

Most reseachers agree that the chemical equilibrium in 
monitored spoils has not yet been attained. The monitoring 
history is too short and in many cases the salts available for 
solution in spoils have not yet been leached. It is assumed that 
the elevated levels of total dissolved solids in the spoils could 
decline as leaching reaches equilibrium. 

CONCLUSIONS 

Opening of new mines and the extension of exisitng open pit 
mines in the western U.S. is governed by strict environmental 
laws. Studies of regional and local hydrology are one of the 
most important parts of any application for a permit to mine. 

During the last decade, a considerable number of studies of 
the J..mpacts of open pit coal mines in the western U.S. on 
hydrologic balance have been performed. Most of the studies 
concluded that the hydraulic properties (hydraulic conductivity, 
porosity and storage) of the water bearing strata found in the 
replaced spoil will be similar, however, less homogeneous, when 
compared to pre- mining properties of sandstone and coal 
aquifers. Although the original coal and sandstone aquifers have 
secondary permeability characteristics and the spoils have 
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preaom:.nan:_:y pr~ma!"'o' permea:Ciii ;:.y cnaracteristics, the original 
!low systerr ~s not suos~an~ia!ly changed. 

Stuciies oi water quality in speLls are not quite conclusive 
because of a relat~vely shor": period of monitoring available on 
the impacts of open pit mining in the western U.S. A general 
observation of ground water quality in spoils is that the content 
of total dissolved solids, calcium, magnesium and sulfate, when 
compared to the pre-mining conditions, is two to three fold 
higher at present. However, these elevated levels should decline 
as leaching of spoils reaches an equilibrium. Even at a three 
fold increase in the concentration of total dissolved solids the 
water in the spoils will, in most cases, be suitable for its 
predominant pre-mining use, stock watering. 

79 
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