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FOREWORD

This report is essentially in final form although certain

typographical problems still exist. Rather than delay the re-

lease of this report any longer, it is being issued in its pre-

sent form. The appendices are quite lengthy and are not included

with this document. They are available for those who are interested.
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INTRODUCTION

Purpose

Studies of leaching from sulfide bearing gabbro were initiated in response

to proposals for copper-nickel &'lining in northern ~1iIU1esota. Studie~ of

the hydrology of waste rock piles were undertaken along with the leaching

studies to help est~ate the impacts of the proposed mining.

The purposes of this case study were to develop a conceptual model of the

inputs, outputs and flow paths of water within stockpiles, and to develop

generalizations concerning the hydrologic behavior of stockpiles which

would be useful in evaluating impacts. The study also provides a base from

which to develop mitigation measures.

Description of the Study Sites2

1. Erie Mining Company's Dunka Pit

The Dunka Pit (Erie ~Iining Companr Area 8) is located in the northwest

quarter of the Babbitt ~-iE 7.5' quadrangle, south of Birch Lake. The pit

is approximately 2.5 miles long, 0.25 miles wide and 350 feet deep, and

follows the strike of the Biwabik Iron Fonnation (~30E). The Biwabik

Iron Formation dips southeast underneath the basal mineralized zone of

the fAJ.luth ~abbro Complex. Millions of tons of stripped overburden,

including sulfide bearing gabbro, are stockpiled near the pit (Figure 1).

Variable thickness of glacial till, outwash and pit overlie massive,

crystalline bedrock in the area. The bedrock is essentially impenneable,

while the glacial material has low to moderate yields (Siegel anu Ericson,

1979).

I Milcli of the desc!:'ipt ion is from Eger, .Johnson and Otterson, 19 i7, pp. 2-12,
97) 99.
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2• Hinnamax

Ai'1AX. Inc. has completed a copper-nickel exploration shaft at the ~·linnarnax

site. four miles south\\est of tile iJunka Pit. Ar·loU has constructed sL"(

leac.~ing and reclamation test piles at the site [figure Z). EaQ1 pile

is approximately 40 ft. x 80 ft. and contains 1700 to 2000 tons of lean

ore. Tne piles are on impervious liners, and all nnaff is measured

and analyzed.
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Seasonal variations in streamflow ha\~ been described by Gam (1975, p. 18):

Regional Climate and Hydrology

Frequency analysis of the S6 years of record..~ "-6" -1' 19 7 8 .--).) I • ,) l "atson, I' p. .:>~ •

predicts a 100 year low of 16" and a 100 year high of 39" (see appendLx 1).

The pattern of runoff is typical of areas \\'here snO\\T.1elt is the major
source of rt.Dl0ff, \,'hich is .lugyr.ented by spring and sumner rainfall.
From tIle spring peak flows, streamflow recedes steadily ~1rough tl1e Sl~er,

reacting onI)" ter.lporarily to hea'vy rainfall. StreamflO\{ stabilizes in
late sumner and fall, reaching a summer lo~ in late August or September. Strea"':'lS

stonns dominate the period from late OCtober tln~ugh May (Watson, p. 11·14).

There is usually snow on the ground from mid October to mid May

O'atson. 19Z8, Figs. 9.1 - 9.2). Precipitation data from Babbitt were

taken to represent precipitation in the Study .~ea. Babbitt is near tIle

middle of the copp~r-nickel resource zone, and has a 56 year record whicll

correlates \\"ell with the longer record from Virginia and the record from

Ho)~ Lakes, where pan evaporation data are also collected (Hickok, 1977,

p. 7). Average annaul precipitation at Babbitt is 28.S7H (for 56 years of

record adjusted by Watson on the basis of 83 years of record at Virginia).

TIle driest year of record had l6.~" of precipitation, and the wettest year,

:\nnual pan evaporation at Hoyt Lakes is 725 mm (28.5"), roughly equal to

precipitation. ~~nthly values are shown in table 1 and Figure 5.

The Copper-~ickel Study Region has a continental climate with cold winter

and warm summers (Figure 3) (Watson~ 1978, p. 1). Distinct \~et and dry

seasons correlate "'ith the \iarm and cold seasons (Fig. 4 and table 1);

roughly 70\ of the armua1 precipitation falls in the sLx months between

mid-April and mid-October (Watson, p. 26). TIle period from June to

early September is characterized by convective storms, while frontal

)ft c •..• ,
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1. fro. H'L(.'I .uh.1 Erit·suu. 1919, fro• .,reliainary draft

from Watson. 197H, Table o.S

100

100

28.54

oo

............ .-6-. ......... -.-. .'--' ....... ........ ...... ~............

2.9S 4.41 5.43 6.34 5.00 2.83 1.57

.............

o 10.3 15.5 19.0 22.2 17.5 9.9 5.5

..-L.-_

o

~

o

.26 .22 .29 1.86 2.60 !. b5 .90 •S4 • 77 .62 .61 .39 10. 72

-
3.2 2.8 4.0 6.7 10.0 13.5 14.3 13.S 13.1 8.5 6.4 3.9

2.47 2.0' 2.73 17.3 24.2 15.4 8.38 5.06 7.16 5.81 5.66 3.66 100

JAN. Fi:B. MAR. APR. KA.Y JUN. JUL" AUG. SEP. OCT. NOV. DEC. ANNUAL

0.92 0.19 1.15 1.92 2.81 3.86 4.09 3.8S 3.74 2.43 1.84 1.11 28.57

t«lHnlLY AND ANNUAL PRECIPITATION, RUNOFF AND PAH EVAPORATION IN TIm STUDY AREA

¥- ·'·#%12;tR~i}·

1 froa ,W.tson. 1~1g, Table 1.1.

uh.:h«.:s

lllio:lae5

Table 1

\ uf alulual

incbes

, of MOuat

RUNOI:f 1.

PRECIPITATION 1

" of ann~l

PAN [VAI'ORA1'ION 3



IF

I
I
t
I

7-

I
I I-

t;

~ 5-

U')

~
~
U
~

~.
. 4-Z

0

fi

~
~
~.....

3-

l ~a.;

FIoure 5

AVERAGE MONTHLY PAN EVAPORATION AT HOYT LAKES

2-

1-

'I.O......--......--....---t---f---.......--+----+---+---+---+---"'T-'---1
JA~ i 'EB T \tA~ f APR i MAY J\.H.[ I .. UlY AUG S£PT OCT ,..0\1 t DEC

.. g ...



occasionally eXllib5 t an increasn.o in flow during October and
:~veriler as evapotranspiration decreases. Streamflow recedes
slowly during tne late fall and winter, reac\ing an ~~ual

mir~ullln during Febraury and :··larch. Occasionally some of
the stre~~ e~~rience annual minimum flows during late
stiltner 01' fall as a resul t of extended dry periods .
...\nnual fleak flows across the SU'~rior :~ational Forest oost
conmoo1y occur Li April or : Ia)' as a resul t 0f rapid me1ting
of the accumulated snowpad. HO\\'ev~'r, ~"1l1ual pea..> flows nay
also OCCW" dUl-ing the stmJl!Wer and fall from exce:Jsive raL'1.

Siegel and Ericson (19i9, fram prel~ninaI)' draft) estimated ~\e average

"B1..~ual nnoff for the study area to be O. 79 cfs/mi" (10.72" or 38% of

precipi tat ion) . Runoff from indiv'idual streams ranged from &.17" to

11. 9i". G'1nl (1975, 1l.l0) estimated t:'1e average yeil..t of the Superior

.lationa! Forest to De 12", wi tn a range of 8 to 16" for individual

~'aters~leds. The average yield for the St. Louis and Kawj shiwi River

systems ~as been estimated at 0.72 cfs/mi2 (Bowers, 1977, p.27).

Table 1 and figure 6 show the average monthly distribution of streamflow

in the stud" area. Sno...melt and spring rains in .-\pril, :\1ay and June

account for 56.9% of annual nnoff (Siegel and Ericson, 1979, from

prelLilinary draft). Streamflow statistics are discussed in Siegel and

Ericson (19i9), B~ks and ~~lite (1978) and ~~rs (1977).



Figure 6

AVERAGE MONTHLY RUNOFF IN STUDY AREA
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Previous ;ior~

Al't.lou~~, rnuu~ attentioA1 .las been given to t:le ~,)"droiogy of coal mine spoils

and refuse and of tailii1~ basins, ,rery little '''ark has been done '.·;itll

coarse ~-a.stes fl'om metallic sulfide ores. Ute work t>..at is relevant comes

frehl ex~erien.ce \,"itll dU11T~ leachLllg of 10\'; grade ores t and is confined

;rtnarily to rule-of-tilun~ observations based on engineering practice.

T.ie ~.lysical cnaracteristics of leaCil dumps are similar to taose of tile

stock-piles under study. The run-of-mine rnateria1 ranges up to several

feet in diameter, 1Jut is mostly less th.an 2 feet t \iith many fine particles

(SHeffer and Evans t 1968 J p.~). l)...Jn?S are generally constructed L"l lifts

50 to IJO feet ~ligh (Sheffer and Evans, 1968, p. 8) . Dumping and i.J".l:l;.:o:i~g

tend to create altenlate layers of coarse and fine materials \.;ithin t:le

dum~s (S!leffer 3.~d cvaas, 1968, fJ.18; Ho\o;ard, 1:)68, pp.72-73) ..ieutron

logging 0Y rtoward (1968, ~p.i2-73) also detected stratification related to

compaction uy ~lau1 truc~sJ clayey zones, ~ld iron precipitates deposited

Ll leac;l ~)Oilds on lifts suuse4uentl)' ~uried. Porosities h~i t~'iil1 trle durr~s

5·c.J<li~d ur ~Im...ard ranged from':; to o.;):~ (l'P. 71 and 74).

~{eportcd infiltration rates for leac;L durrrtJs and ·.~aste rock piles are

ty~ically rdgn. 1&1 a study D'l Armstro~lg et ale (1971, ?? 7, 16), tritiated

;.;ater ....·as adcie..i to a leaC~l ~ond at an effective rate of 6.3 inc:le.s/;lour.

jurtO.1, ...iifford a."1d Hart (1.973) r~l rai.nfall sinulation tests 0:1 ::ti:le

T.le}~ oos~rved fLlal inf:ltratio:l ra~es for .10:1·)Oro~s i]lleCus and

1
~,- -"'-'
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The layerinl~ within dll11ps causes lateral flow of 'tJater at intennediate

depths within the pile.nlis has lon~ been suspected to prevent optimal

contact of leach solutions and~"emoval of r.letals (Sheffer and Evans J

1968, p. 18; Howard, 1968, p. iO). ~eutrcn logging by lio\'iard (p. il) showed

~~t. porous zales 10 to 2S feet thick over compacted layers and clayey

layers at the Chmo dlD!lp. According to his data, the compacted and

cla)-ey layers \iere saturated, but the porous zones, h'hile containing more

\·;ater pe~: wit volume, \'(-ere not fully saturated. Perched \.;ater :ones

~~re later confil~~ with piezometers whicll sh~ied saturated thickness

of at least 13 feet (Armstrong, 1971, p. 15). Armstr~g (p. 21) fo11o"ed

the path of ''later over perching beds \iith a trititun tracer: !tIn the

unsaturated zone above the water table, leach \.;ater percolates downward

to a perching zone, flows laterally to the edge, and falls to the next

zone .. "

The result of lateral flo\i over the impeding layers and slow transmission

through them is that "in some areas a significant portion of the dur.tp

material is infrequently, or never, contacted by leac.h solutions"

(Ho\'Jard, 1968, p. 73). The p)'Tite content of the dry zones is roughly the

same as that in the unleached material, indicating that little or no

1ea~~ing has occurred (Ho"ard, 1963,. p. 73). Such dry zones would probably

be ~inJr or non-existent in w'astes deposited by conveyor (cf. Burton et. al .•

19i5, p. 278) .

.U though some of the '~.;ater above semipenneabIe layers may ::love as

saturated flow·. sone apparently !':loves rapidly out of the pile as interflO\,'.

Armstrong (p. 23) observed. that the tritiated tracer moved at least 1000

feet and probably through the entire dtuTq) (SOOO feet) Kithin 2.+ hours of

introduction. ~!alou£ and Prater (196':, p. 83) give times of tra\-el for

'" 13 '"



l_en .solutions of 2 to 12 days. dependina Oi\ _ heiaht.

:Je\"elopaent of saturated .011el at the bue of 5t~ockpil.s has been noted

for -.ny t)~s of materials (Anderson and Youngstrom. 1973; Corbett.

1901. Good et al., 1970; .~trona et al., 1911). Corbett (1~6S, p.164)

fCUld tiUlt aquifers fomed in cast O\'erburden fran coal mining stored

large ",,"Ob." of precipitation, ....teriall)· reduc (ina) major flood

£10\\'5 ••• and L,crea~CL"lg) flows durina extended dry periods •••"

iJrilled \~~lls at tile OlLiO mine shO'ft'ed saturated thicmesses of up to

12\1 feet L'l a leach dUl!lp sited 0.'1 impermeaole bedrock, with thidnesses

of za to 50 f~t more cocmon (Annstrong, 1971, p.I7). Grouna.iater flow

follO\\'ed t.'le buried uedrock surface. Calculated flo\,' velocities for the

tracer front in the saturated zone ranged from 10 to 21.6 feet/hour

(0.J8:) to v.IS on/sec) (pp.Zl and 22). The tritiun pulse spread through

the entire dwp in IS da)·s J hut the tail of the pul3e did not arrive tntil

41.3 days later (50.3 days total), L~dicating an average residence time

Ql t.l~ order of 30 to 4v oars (.-\nn::;trong, p.23). Residence time

calculated as total vol'l.iile of \iater i.n the dmp divided by daily flow lias

140 days l3ee apiJt~ndix 2). TIlis rna)" relat~ to Annstrcng's oOserlation

(p.l5) tnat tilere ap~~ars to De a certaL, volume of fairly stagnant water

\\itni., tAle ch.Inp, oased on gradual dilution of the tritillll over time.

~11Jeaoilities calculated from velocity a.,d potential gradient data

giv~n ~f Anns trong ran.bed from : 00 to 1000 ft/dar (J. u6 to a. 4 enl~ec)

(see appendix 2).

- 14 -
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Pncipitatian

e: A stmdud rain .... "ith accuracy of 01 inch was in

operat1. at Er1. fnxa Jul)" 30 I 1976 to OCtober ~4, 1977. and frat

May 1 to~r 13. 1978, and was read approximately "...tly. A

Frie: recordina rain aauce operated fna Jul)" 30 to December 1, 1916,

)tarch 9 to september 13, 1911 and ~..y 1 to So\-ember 26, 1978. nail)"

rainfall read frail the chart '-"&5 adjusted by a DUltiplication iactor

so that the total rainfall for tho week matched the total from the more

accurate standard aauae.

Nwn the gauges were not on site or did not function correctly, precipi­

tatian data were taken from Babbitt, six miles to the "'"est. The pre­

ponderance of unevenl)' distributed con~cti\>-e storms in sumner, coupled

with variations due to rain sause exposure, makes correlation of rainfall

data even be~n closely spaced stations tenuous (1\atson, 1978, p. 1=-101 t 29) ..

Comparison of Babbitt data with data collected at Erie (table Z) indicates

that Babbitt data proVide a fairly good estLmate of annual precipitation

at Erie (8\ error over 13 months) t but are poor estimators for individual

months. ~arison of daily data shows that stonns of roughly $imilar

magnitudes tend to occur on. the same da)" or adj acent dars at the two

stations (appendix 3). \\hen the recCirding gauge did not function

properly in 1978, the total volume of rainiall was apportioned on the

basis of .\\1t\.\ data.

- 1S -



Comparison of 8abbitt and Dunka precipitation data

Precipitation, Inches

Period Dunka Babbitt Error(\)*

Auq,1976- 31.53 28.97 8
Auq 1977

Aug, 1976 1.71 .59 65

Sep. 1.60 1.61 1

Oct. .30 1.32 340

Nov. .79 .24 70

Dec. .90 .66 27

Jan. 1971 .40 .52 30

Feb. .43 .24 44

Mar. 1.60 1.70 6

Apr. 1.20 1.20 0

~ay 4.50 4.58 2

June 5.44 6.15 13

JUly 3.82 3.49 9

Aug. 8.84 6.67 25

Average magnitude of monthly error, .51 inches.

Error == 1100 X (PBabbi tt- POunka ) I
POunka

- 16 -
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.~\",X: wring 1~77, precipitation at A.\It\.\ "'as measured with a standard

rain gauge (Science Associates. Ltc. :~,.,'S Spec. 430. Z30) read e~ich ·,'leekday.

In 1~78) a recoraing gauge ~as adc~d (Science ;\$$OCiate3, Inc. :~~S Spec.

450.220). rue standard gauge is llsed to detennii1e the amount of rainfall,

n-nile tae recording ga.uge gives ~l.e time and duration of the event

(Eger et al., 1~7~, pp.16-17).

Flow iJata

Erie: A continuous flo\," record Kas collected at E'I-S, (see Figtn~ 1)

dO~:lstream of the seep at 3-1-9, fran July 1 to October 25, 1976,

April 27 to 5e'~ter.Der 27, 197i a:.ld A;;>ril 28 to )ctober 30, 1978. Data

consist of continuous stage measurem~nts taken on a Stevens Type F recorder

in a stilling '-lell U'pstream of a 60° \~notch sharr~ crested l..,eir. Stage

records were converted to flows by stancL.<trd methods (Eger et a1., 19i9,

pp. 78-7~) . The rating cunre ·~.;as developeci on the basis of periodic flC'N

measurements taken \·;itil a Pygmy meter. TIle meters have an accuracy of

:!. 5 to 10% uader optimal conditions, but may seriously underestimate 10\i

flo\is J eSt>ecially in wide, sha11c\i ch.3n,l~e1s. Tile stilling 'iell at 2·1- 8

tt:uciea to remain frozen for some time after the seep began to flo\\' in

spri.ng. Spri.ng £1o\:;s in 1977 ,..."ere esti1lated using spot readings taken

\~i~! ~ie Pygmy !il;}ters. Si.'1ce flo',is were lot". throug:10ut the region in

spring of 1977 J :he error in U3ing t:lis method ~'ias proDably 51..a11.

Flu',.; data at '3ee;? 1 3J.'"ld see~ 3 consist of :i.ndividual readings taken

approxL'1late1)' every t\iO \·.;eeks hoi t:l a rrg:ny :teter. BeCal.lSe £10\<;5 ~·;ere

generally lot'll they are ilot li~~ely to be hi~hly accurate.

- 1 7 -



..~\Ir\X: n,e N10ff from ull six field lo{,\china pi Ies at ..\\t·\X flO\\'S to a

S\IIP ,,"nich 1s kept at a constant level ~r an automaticu!ly operating

1UIp. The discharge of the pump is measured by a meter accurate to

~ .i\. Individual flow meters (Badger Recordall >lode1 15) \,"ere installed

on the pipes leading from each pile in 1978. The meters give cunulative

voIlD! readialts. FL-l lias equipped \,"ith the r.teter in :!.977. TIle meters

nave tended to cause ~ackups during iligh flow"S and not operate during

low' flows.

Sil t and sand washing out of the piles sanetines clogs the neters. !letails

cf changes in tne pllysical :::ystem and flow corrections \ihich were made

in 1::}78 may oe fOllld in Eger, JoiUlson and Banens te in, 1979, pp .17, 73- 7S,

78-79.

Ground\\ater JJata

ririe: Sixteen penetration test oori.ags \~ere perfonned at the Dlnka site

i), Bl~aun Engineering Testing, and 2 inch diameter 36 iJlch plastic ;,'ell

screens were installed in fourteen of tile holes (Plate 1). The P

series wells were backfilled \\ith on-site soils. Wseries \'iell points,

finisned in abler tnan clea.?} granular sai15, \iCre packed ',i.th Otta\,a

Sand ;;loove .vili~'1 a oentonite seal h'as provided. TIle ~~ series wells were

s~led ~riodically in 19:'6 and 1;177 to r.lonitor \\ater quality a.,d

irOllldwater levels.

- 18 -
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Precipi tation , Evapor~tion and Stre3.~lO\i Duril!.,&. the Stutly Period

1916-1977 'ia5 a period of ~lamalous precipitation and stre~£l~\.

Precipitation at iiabbitt in 1976 \\as 17.17", the second 10\'v'est of record

and a scant inch above the 100 year drougi1t. Precipitation \,as below

normal for ev~ry r:aonth eXc0pt January, Marcil CL'1d June (fig. 7a). In 1977,

37.46" fell at Babbitt, zaaj..:ing it t.~e second \'rettest year of record.

t-.Iost of the above-non~al rainfall occurred during the period from :Iay

tnrougll Septeroer, w'itil an aciditiojlal contribution in :~ovember (fig. 7a).

In 1978, precipitation ·~v'as 28.15" \·.;hidl is near noma1. Precipitation was

belO\.; Honnal for every monta eAcept May, July and August. In June, rain­

fall \;as 1.53" bela't' nonnal (40% of the nonn) while in ~"Iay and July th.e

average monthlr rainfalls "ere exceeded by 1.25" and 2.6i" (-1.4% and 6.3% of

the nonas) , respectively. OtIleNise, ::-JOllthly raLlfalls Here ,·/i thin 1.0"

of tne norms.

A.lthouga evaporation ·.~·as mini"Tlizeci in spring of 1976 by freezing

tempera1;wes J evaporation from June thrwg11 Septenber exceeded the

average by 5 incaes (figure 7a). Total e"vaporation for the year lv'as

below aOrr'aal. Evapol-ation for 19i 7 t....as be1m.; normal for every non til

except :\lay I and for ~le year as a ,,,hole (fig. 7a). June t.lrrough

September ~vaporation fell 2 inches l:>eloK nomal. .-\~cording to Bruce

}latson (pers. COLlin., 1.979) eVctpol"ation corl',~late<: in'\t-ersely ,·..itJl precipi­

ta1:ion in the s tw'y· area.
~
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Evaporation for 19,' 8 :,.."as bel~~ norr.lal in June and above nomal during

July through September. Tae total for the year \~as below normal be­

cause of t:le silort period of record in 1978. Supplement:Llg the data \·dth

the average monthly evaporation for April, ;.1ay and October leads to

estir.tates be~,.;een 27.43" a:61d 31.95" \.;hich lie about the nom.

Figures 8 through 11 show the monthly disC;large of four unregulated

strear.;s i.n t1.e st~dy area for 1976 and 1977. StreamflO\\ \ias above normal

for t~le first four months of 1976, but then fell \·;e1l belO\i nomal fran

~.lay of 1~70 througil :·lay or June of 1977. Rainfall \·;as abo\"e average in

:·lay and June of 1977, but minimal snO\\l001t cOl:bincd Kith th.e extremely

depleted soil IJoisture to keep runoff 10\\. Runoff \\as much above

average from Septemoer t."-lrough December u£ 197i.

For t:le 1977 ,·;atcr year (Oct. '76·Sept. ,,.,.,)
I I preci.pi tation ;Na5 117% of

Hon":"!al, but outflO\.; fran nine gaged stations averaged 58% of ;lomal

(table 3). For r;lOst of ~lese waters:leds, 1977',',Y fl~5 fell at or below

tne 25ti1 perC(~ntile level ~ again, ni.ni::l31 sno\,melt and the need to

replenisil soil I.1oisture depleted in 1976 are prinarily responsible.

Figures 12 and 13 S!lOW ~~ mantal)" discharge for t\..·o of the abo'w"e four

strea-rLS for 1~78. JUring t.le first three ::.ont.:1S of 1978, .::treart-:lo\\s

gra.dually fell 1:0 near nOI7'~l f:-or:: tae ~1i~:~ le\"els in the last quarter of

, ::-.0 L; t so i 1 con"li. t i.ons

, .... ,.. ..

..
.l.
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1976 and 1977

MCrJTHLY FLOW OF THE KAWtStilWI RIVER NEAR ELY
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MONTHLY FLOW OF THE BEAR ISLAND RIVER NEAR ELY

1976 and 1977
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Figure 10
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'fable 3. Coq>arison of 1977 Water Year with Annual Streamflow Statistics

Stream
~ve *

average discharge
Qave * Qave *

50th percentile 25th percentile
Qave * Q1977 ** **

75th percentile 1977 water year 1977 water year
cfs cfs.

Kawishiwi R. nr Winton 1019

llinka R. nr Babbitt 36.6

Isabella R. nr Isabella 272

Av(~ragc in CfSUl • 77

.35

.54

.38

.37

.57

.47

.54

.46

.41

.45

19.0 16.1 27.4 15.6

102 73.7 135 56.6

218 168 270 111

216 167 259 94.5

246 187 331 193

362 236 596 236

33.5 26.8 40.0 24.9

37.9 21.2 46.7 36.7

883 599 1118 544

83.4 45.5 107 41.0

.71 .52

22.4

230

223

112

Bear Is. R. nr Ely 41.2

Kawishiwi R. nr Ely

SCcond Ck nr
Aurora

Part r idgc R. nr
AurOI'a

St. Louis R. nr
J\urora

Shagawa R. at Ely 86.6

So. Kawishiwi R. nr Ely 419
t-j

00

* All flows in cfs: Taken fronl Erickson J 1977,
Table: Statistic of monthly and aJUtual discharges for gaging stations having 9 or IOOre years of
.streamflow records available (obtained by written coomunication).

Copy vcr)' hard to read, so figures may not be correct.

** From unpublished prints of mean daily disdlarge provided by Erickson J 12 Oct. 1978
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For both stations the general patterns are similar to those at Babbitt,

but the monthly values differ substantially (table 4).

Precipitation data collected at the DJnka a1ne and at~ ue S\IB8­

riled in table 4. Flaures 14 and 1S calpare the monthly data with aver.._

values for Babbitt. Precipitation at Brie in 1916 was 18.05". usinl

Babbitt data for the first six IU'lths. Precipitation was 3g.14" in 1977,

exceedina that of the 100 year wet year at Babbitt.

Rainfall at A\fAX in 1977 was 32.36".

Appendix 3 represents daily data for all three staticms.

Predpitatlon .at the Sp.!dY Sites

•
I
I
I
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I
I
I
I
I
I
I
I
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I
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,~
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Table 4. tDlthly andAmual PrecipitatiaD at IIbbttt, JlJaka .,..

1976 1971 197.
Babbitt~ Babbitt ~ IIIax .l8bbltt I&iEi Max- -

J 1.34 (1.34)1 .52 .40 (.52) .7' (.78) ( .18)

F .60 ( .. 60) .24 .43 (.24) .28 (.21) ( .38)

N 2.40 (2.40) 1.70 1.60 (1.70) .71 (.71) ( .71)

A .99 ( .99) 1.20 1.20 1.23 1.06 (1.06) 1.28

M .30 (.30) 4.58 4.50 4.84 4.52 4.37 3.37

J 5.70 (5.70) 6.15 5.44 4.59 2.33 2.43 2.21

J 1.42 (1.42) 3.49 3.82 2.46 6.76 5.44 6.38

A .59 1.71 6.67 8.84 6.06 4.63 5.07 5.53
~

'''' S 1.61 1.60 5.67 (5.57) 5.64 3.45 3.83 3.28

0 1.32 .30 1.60 (1.60) 1.59 1.40 1.08 1.0S

N .24 .79 4.52 (4.52) 2.80 1.25 (1.25) (1.25)

D .66 .90 1.12 (1.12) 1.19 0.98 (0.98) (0.98)
•

101M. 17.17 18.05 37.46 39.14 32.86 28.15 27.28 27.10

llAulka or AMAX data in parenthesis indicates Babbitt data.

~ ----.. ~ ~ ..-..-.
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Figure 14b
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Physical Characteristics of the Stockpiles

1. Erie

Field Description: The stockpiled rock at Eri.e is a heterogeneous mixture

of boulders, cobbles and smaller fragnents produced by blasting and moved by

. truck to the margin of t.'le pit. The piles range from 40 to 120 feet high and

cover areas of 20,000 to 300,000 ft. 2 • They are constructed in 40 foot lifts

which are graded to a SF"!;ooth surface having the appearance of a sandy gravel.

Local borrow material, usually a gravelly sand till, is applied as a surfac~ng

layer about 6 inches thick and compacted to a hard surface by the 80 ton

haul trucks. On the side slopes of the piles J fragments 1 to 4 feet in

diameter predominate. Table 5 sunmarizes the material, tormage, area and

height of the various stockpiles.

The nature of the materials underlying the piles will largely detennine their

interaction with the local groundwater sys tern. Plate 1 shows the original

topography of the site and the positions of the stockpiles. Plates 2 and 3

show Erie Mining Conpany' s interpretation of the stratigraphy along two

sections near the piles as detennined by borings. The materials underlying

the three large piles which generate seepage are of prinf:ipal concern. Steep

subsurface topography indicates that the northwestern part of the 8011 stockpile

is on bedrock (figure 16). Six \'1ells around the pile show that most of it

rests on peat wmch overlies a variable thickness of till and outwash

(figure 17).* The pile probably rests directly on till at the southernmost

iDivisions anong peat, granular glacial deposi ts and bedrock \'1ere taken directly
from the field logs by Braun Engineering Testing Compa.~y. Till was separated
from outwash using several types of infonnatian. \ihere sanples \iere taken,
materials with an S-shaped, well-sorted particle size distribution were interpreted
to be out"~ash, and those with a straight-line, poorly sorted distribution were
interpreted to be till (cf. Olcott and Siegel, 1978, pp. 9,13,14). Where samples
were not available, materials given in the field log as till were interpreted as
such, and materials given as outwash or alluvium were interpreted as alluviufn.
Interpretations were checked by cOITelations among borings and by surface
topography.

.. 38 -



Table 5 .. Stockpile Data, Erie's 1Ulka Mine

Stockpile. Material 1 Date Started 1 Tons 2 , Gabbro 1 Area, tt23 .a,rea, .23

8012 gabbro Mar. 1967 1,162,341 100 538,452 50,024

8014 gabbro Jun. 1967 4,190,806 100 1,880,464 174,701

8016 gabbro Dec. 1968 629,577 100 266,338 24,744

unlabelled waste rock 252,345 23,444

8017 waste rock 695,487 64,613

8011 waste rock Dec. 1965 14,251,581 70 3,345,113 310,772

8013 waste rock Apr. 1967 7,969,236 70 2,'39,538 254,512
tH

lean taconiteco 8022 Apr. 1968 211,315 0 204,638 19,012

8006 surface 0 2,158,705 200,551

800S surface 0 228,292 21,209

-
linformation supplied by Erie Mining Company

2tonnage based on Erie Mining Company yardage records.
I

1 yd N 2 •45"5 ton

3areas planimetered by Liang on Erie Mining Company's "Map of Mining Area 8~, 1- • 200'
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SURFICIAL GEOl.OGY NEAR WASTE ROCK STOCKPILE 8011

I
I

I
I
I

- 42 -

Till

~--,
( ;-' GABBRO WAS T E ",""" ,
'= .. STOCKPILE /""

\ ~ ,~

.~ ~ 8012.,,------ '/Till P
/' // ROCK \ ~/

-. • # ;,__",. 8O",j',/ .. .,. 111- lY ............---__ ./. ~ .
•\ $io #- _~.,>\~. /Ie;.. Po.,-_ /. \ I j. J1' __ /"

" / \\,-.~.-." " / // I
/ "\ -""'" STOCKPILE / '\. /

Till i' t '-..._ ... ...-...-.. \ I
) ." •• -J..'~."" ----

I 8011 ...,-... -<."-'.., I
~ "!JI. •., .;.- .'-•. :-:.=-

\.. ;" '11& iI- .~

~ ., iI-. ( I
J W23 • 'j

/ ~ot ~.
l/~ ~r~· I' ,,/\. /)..- ~ I

" Wl6
~'\ '\ Peat I

/ W24 , BKN 114

/ Plat \ ED
( -- .

) ~.~~ 0i!!i~~iiiSiii:~A=Lr===3:"' :

I



... _-------------
Floure 17

LOGS OF WELLS AROUND STOCKPILE 8011

W 24

wu

W 22

~ \ill W25

14goj
'0'

~
'0•• .. •• X

11 J.
.21

... 11 ~';j J;:1 t==- " 27

•
fI

,
'6

~
A'

,..
141 I} ,,' . • •.... ~A

w .'fo. f.,
w •lA.. A, ..~ .. .• ~ •• A

~ z I 16
:

~.,'.' f,
c.ri .... '6

-rj 1°' -I Pa'¥<.. til lo- ~ • ~-·l
z _ .0 .... -.-. , fl· •

0 1470

...
~ I -.. "
W 1

-J
w

1460
KEY • . '. I ••v. r-

~
. .--- _. ,. - -. "','

WATER

E!J PEAT

145O-f I
[E] TilL 1 b '_'1 I" '1

~ OUTWASH·,0,

~ BfOROCK I ~ .-.".............. " ............
1 .. .....................



end. between wells W23 and \i24. Based on topoaraphy and fi"ld observation.

the 8014 pile is probably underlain by bedrock at the northwest and peat in

the centftl area.

Till and bedrock probably \Ilderlie the eastern portion. The mining company

blasted throuah a bedrock ridge when installing the seep 3 pipe

(Peterson. pers. COllI•• 1919). Northeast trending bedrock ridges ~derlie

the eastem margin of the &013 pile in the vicinity of seep 1. lwfost of the

eastern part of the pile is probably al till or bedrock.

Porosity: The overall porosity of the stockpiles is estimated by Erie

~tining Co. to be 33\. Since the waste rock and lean are have densities of

3 g/ca3. the weight per cubic meter of bulk stockpile is 2 x 106 g or 2

_tric tans.

Grain Size: Little infonnation is available concerning the grain. size

distribution of the stockpiles. The maximum diameter of the blasted rock

is rouahly four feet J and mining ccmpany personnel have es timated that less

than 0.1\ by weight of the material in the stockpiles is less than 2 IIIJl in

diameter (Stanhope, pers. canan.. 1978).

Data on the grain size distribution of rock processed by cone crushers and

jaw crushers (Iwasaki, 1978; from Lapakko, 1979, '~thods of Calculations"

pp. 1-2) are give in figure 18. A1 though the)" pertain to crushed rock

rather than blasted rock, they constitute the best infonnation available.

The data were fit by Lapakko (1919) to a curve of the fonn

log P • a log d + b

P • bI*da , (hI = lOb)

where d is the diameter in microns and P is the perc.ent by weight of

material of diameter d or smaller. Extrapolating this data to material wi th

- 44 -
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FIGURE 18. GRAIN· SIZE DISTRIBUTION OF CRUSHED GABBRO
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(Lapakko, 1979. ''Methods of calculations". p.4). nus equation gives 1.65\

by weight less than 2 JDIl. over 10 times as mch as estimated by Erie Mining

Co'upany.
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2. AMAX

For the Erie stockpiles, the uppP.r ltmit is fixed at 4 ft. (1.22 x 106 microns).

but the lower limit is tnknown t and 5 does not converge for deereas ina dl.

S for selected values of ~ is given below:

Field DesCTiption: The leach test pil"s at the site are !')ut as

ShCMl in fiaure 19. Each roughly feet biBb and 3000 ft. 2 in area at

the bue (specifications in ZO t field MUUre-nt, table 6). I to

Specific Surface Area: Using the grain size distribution given above, and

assuming spherical particles, Lapakko (1979. ''Methods of Calculations", p. 8)

derived the following equations for particle surface area per mit mass of

stockpile rock:
• d

5 _ (6*104 *a*b) a-I I 2 da - 2 d(d)
d .

1
• (6-10 4*a*b) a- 1 (a_l)-1 (dta~l_dla-l)

where 5 is the specific surface area in ml/Mf, a is the density of aabbro in

NT/113, dZ and d1 are the uxiaa and mi.niaa grain di_ters in aicrons (L8J J

and a and bi are as defined above.

a maximum diameter of four feet (- 1.22 x 106 ~crons), the size distri­

bution equation is

P • 0.0127 dO. 64
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Table ,6. leach pile data, Minn8wc

Source1 TCDlaFI
Rock VO!~2 (~)

TreatJlent4Ft. Total Rock Hypalcm

1-,. 1 Shaft 1160 28210 3195.5 3157 38.5 None, control

2 Shaft 1760 28210 3648 3493 ISS tql soil, reveg.

3 Shaft 1760 28210 3270 3240 30 Overburden, reveg.

4 Shaft 1760 28210 3531 2993 538 None, control

5 Drift 1951 31270 3669 3530 109 Overburden, revea.

() Drift 1672 26800 3SI5 3177 338 Heme, CCIltrol

'"... meAL 20830 19590 1240

1) Letter, nv..u N. l&argy, JWJ.., feb. 22, 1978.

2) Based on 16.03 ft3/tan.

3) Field _asUreBmts by Broce Johnson. At6\l estiJlate was 4250 ft2/pile.

Area calculatims by Paul Eaer as of 8-24-78. For revised estiJu.tes see Eger, Johns-on
and tbhenstein, 1979.

4) f.ger t 1978.



Piles 1 and 3 have a south~m exposure, which ay affect their l'espa'lSe to

rain events.

Porositl: nw bulk porosity of in-place s~les was estillated to be 1/3,

buod CIl esti.-tes by the Tedlnical .-\lsess.-r\t Group of the Copper·:«ckel Study.

Since only three data points are knom. the STain size distribution bued on

c1'USher data is BOre reliable, and the three ~nts of the

test piles weft fit with thefollowina three equations:

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I• S2 ..

4 contain material blasted :fran the exploration shaft. Piles 5 and 6 contain

material fl'Olll the horizontal drifts cut laterally off the shaft. The rock

is considerably finer grained than that at Erie, and appears to have

abundant sand sized grains.

Grain SilO: A araiD ,i:8 analysis of material in tho leach piles at Max is

liven in Fiaure 21. Repession of log P on loa d the shaft ro\I\d data

(the silO brelkdown of~t a) aives:

P • 0.0413 ~.S8S

Piles I throuab 4 were constNCted in April of 1977, piles S and 6 in

5ept.t>er 77. In sprinl of 1978, selected piles were covered with various top

dressinas and reveaetated to test possible recl_ticm -.sum (see Table 6).

Construction of the piles was as follows (field report by Eger, 1977): A sand

layer was placed on the waste rock pad and then contoured and sloped. Hypalon

was then laid on the sand, and a 5 to 6 inch perforated sewer pipe placed in

the lower end of the sand pad. Tes t material was then loaded cnto the hypalon

a1d contoured with a .small bulldozer. Examination of the hypalon after large

rocks had been~ on it did not show any rips, tears, or pt.DCtures. The

sand is contoured to provide a lip aromd the pile and the hypa1<m extends over

this lip and is weighted down. All of the piles drain to a central slJRI).
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a) p. 0.01984 dO•64

b) p. 0.117 dO•64

c) p. 0.2841 dO•64

I
I
I
I
I
I,
I
I
I
I
I
I
I
I
I
I
I
I... 54 ...

b) Sf). -4.160 x 103 d -0.36

c) Sc· -1.010 x 104 d -0.36

And combined in the appropriate ratio of (.75): (.225): (.0238), they give

a total surface area per metric ton of test pad of:

St • -34.253 + 1705.6 dl -0.36

For dl 1. 10 micrau. St an 710.3Ja2/Mr. For dl • 1000 microns. St, • I07.6m2/Mf.

Use of the arain size distribution based 00 the :5 shaft 1tound data points gives

St • 940 .z/Mf for d1 • 10 microns J and

St • 115.9 m2/KI for dl • 1000 micra'lS.

The surface area in M2/Mf fo!' each canpon~i~:

a) Sa. -7.0554 x 102 d -0.36 I
drub
dl

~c
dl



Stockpile Runoff

1. Erie. During the study no surface runoff from the stockpiles at

Erie was observed. Seeps emerge at the base of the piles in three

places: EM-9, seep 1 and seep 3 (Plate 1, figure 1). Each seep is

located in a natural drainageway of the original subpi1e topography 11

There are other less pronounced lows in the original topogr: phy from

which seepage was not observed (Plate 1). In 1975 Erie i" ..italled a

non-perforated 14 inch diameter steel tailing pipe in an effort to

reduce leaching (Stanhope J pers. COJmt, 1978). The pipe was then

covered with a pad of blasted waste rock. The area from &1-9 to

EM-8 was ditched for drainage in Summer, 1975.

The continuous flow data fran B-I- 8 provide the best picture of stockpile

seepage (figure 22). Flow declined steadily from July through November

of 1976. Rainstonns were few and small, and provoked only minor

increases in flow. Flow stopped canplete1y in late November of 1976

and did not reslIOO until late March of 1977. A sharp peak appaTently

related to snowmelt occurred in mid-April. Throughout 1977 the seep

clearly responded to significant rain events J reaching peak flow about

one day after the rain. Between stann events, flow was sustained at a

lesser level. FiiUJ'e 23 shows monthly discharges for &1- 8. The large

difference in rainfall between the two years is reflected in differences

in flow. Figure 24 gives flow duration curves for July-September of.

1976 and 1971 J and again indicated the overall higher flows and marked

peak flows for 1971.

11\8 pattern of flow in 1918 was similar to that in 1977 J with clear

response to rain events. &nmer flow \~as higher in 1978 than in 1977,

thouah precipitation \l{U lower (Fi,S. 23& and 23b). Depleted stonge

and a larp soil moisture deficit at the st4rt of the 1971 season

.. S5 -
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Flow stopped over the winter and resumed at a low rate in late ~arch ,

of 1977. In the summer of 1977 all three seeps responded to the increase

probably account for this.

Seeps 1 and 3 appeared to follow a pattern of fl~w similar to that

at EM-8, ~ased on spot readings of discharge (figs. 2S and 26). Flow

declined from July through November of 1976. Flows at seep 1 appeared

to decline less sharply than those at seep 3 or EM-S, but this may

be due to limited precision with the flow meter for flows below 0.1 cfs.

,
I
I
I,

in rainfall with higher flows.

2. ~~. No surface runoff has been observed from th~ field leaching

I
I
I
t
t
t
t
t
t
t
t
t
t

e to sto~. events (figs.

ijon f monthly flo~s for the

ttom~ of the piles via perfor-

drops ff ~ore rapidly than at Erie

• 62 •

a sharp re

lines to :ero.

t~een storms.and 29 .

Sump discharae records

piles at A~X. Water drains from the

ated ,ewer pipes.

and frequently

values in 1916 wer~ near 0.45, while typical values in 1977 were near

0.16. The ratio of the areas of the seep 1 watershed to the Bt-8 water­

shed is in the range of 0.03 to O.lS. The water yielding characteris­

tics of the three watersheds clearly differ. The EM-8 watershed may

have higher evapotranspiration, since it has more vegetation and

more wet, flat marshy areas. Water seeping into large till areas

in the EM-a watershed may flow out under the gage.

The ratio of monthly flow at seep 1 or seep 3 to monthly flow at

EM-! varied considerably (table 7). The ratio of monthly flow at seep

3 to that at ~~-8 varied from 0.05 to 0.68, with typical values near

0.5. The ratio of their watershed areas is 0.2. The ratio of monthly

flow at seep 1 to that at EM-8 varied fr ~ 0.11 to 1.0. Typical
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.68 .41 .6

.49 .48 .97

.48 .45 • 94

.OS 1.0 19.-----

C~parison of monthly flows of stockpile ~eepales at

te.

J 0 0 0
F 0 0 0
M 0.0068 0.0035 0.0034
A 0.13 0.001: 0.021 .059
M 0.088 0.020 0.016 .23
J 0.61 0.25 0.070 .41
.J 0.47 O.2~ 0.084 • 60
A 0.49 nd nd
S 0.76 nd nd
0 nd nd nd
N nd nd nd
D nd nd nd

2.7
0.8
0.28
0.3

Seep 1/
Seep 3

• SO
.16
.18
.11
.18

~---

Seep 1/
et-s

Seep 3/
EM-8

- 6S -

Average flow, cfs

EN-S Seep 3 Seep 1

J 0.198 Ild nd
A 0.147 0.10 0.06
S 0.124 0.061 0.059
0 0.100 0.048 0.045
N 0.032 0.0011 0.032
D 0 0 0.0045

nd • not detennined

Table 7 ..
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......... (fl.ure 30) and lM·a in 1978 (fil- 23) sbows that the AM.x
'" ~,~

,lIe. ,telded .ore water peT unit are. Eroa May throu,h Au,ust, but

I••• l. S.pt••ber anel Octobel'. This is indicative of the rapid response

••• lack of Illftificant storal. of the Aaax· piles.
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Seep Temperature

In 1977 temperatures cov-ered a wider range (fig. 32). The temp"

erature at seep I was b~:ow zero in late March and early April.

but rose to SoC by mid May and Teftalned there thl~Ulh August,

following a pattern roughly parallel to air te_peratures. Seep

3 displayed the opposite pattern, with high temperatures April

and early May and lower temperatures from late ~ay through August.

Temperatures there appear to be I.glin, behind the seasonal sur­

face te.perature wave. ThiS may indicate that the water in the

1016\ stockpile has a residence ti.e of several It could

al.o indicate that seasonal variations in te.perature of

the rock material at deptn within tbe pile i sur e

variations, and that the roc tben cool or t water owl

over them. That the Itockpl1.~ act as a 1 r.,.rvoir i.

supported ~y field observations. A 1 eUllatel

ba.e of the pilei IUBRer • .. co.-, 1

cover 40e, not d on so.. ar••s st

winter. rout t

per•• CON. 1 ) ..It J not

188 e i 1 not ..

Temperatures at all three seeps stayed below 4°C in July

through November of 1916, with temperatures generally bet~een

0.5 and 2# 5°C (fi,. 31). Temperature data from the weir at

EM-8 show that considerable warming occurred between the seep

at EM·O and the weir during July and August.
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Groulld",-ater Levels and Growldwater Cht~mistry .\l'OUJld the 3011 ?toc~ile;,.

Figure 33 shows the water levels in the \to'ells around the 8011 stockpile

over the course of the study period. For three of the \"elIs. water leve15

were considerably higher in the spring of 1976 than at any other time in

the period. '~ater levels in all wells declined through spring and summer,

then increased slightly through fall and winter and into spring ot 1977.

Levels dropped again in the StD1L&.1er of 1977 but recovered in the fall. 111e

typical ~~ter levels for the period rnay have been sOlne\ihat lower than nonnal.

Siegel and Ericson (1979, p. 23) found that "the water table (in surficial

aquifers in the study area) fluctuated parallel with.and as much as 1 to

l~ months behind major trends in the cumulative departure from mean monthly

precipitation" from 1975 through spring of 1978. ~lost of the wells they

studied recovered from the 1976 drought more rapidly than those at Erie,

with water levels in the last half of 1977 and the spring of 1978 equal to

or higher than those in the spring of 1976.

Water table contours and cross-sections constructed on the basis of the

well data (figures 34-33) suggest L~at the groundwater in the surficial

materials does not extend up into the stock~ile. Water tabJe elevations

sh~n in the cross sections are from ~·larch 17 I 1976, ,__hen \i~,ter levels \\"ere

generally at their highest. f~wever, ~~e cross 3ections show the original

topography 0010\" the 3011 pile t '.\hile ir' fact the peat layer has probably

been con~re5sed ~y the weight of the overlyulg material. Loading at tile

base J! the pi le is calculated to )e ;lbout 1 x 10~ Ib/ft2, \\'hL:h could

cause a 30 to :;0 percent reduction in thickness of the peat) based on

- 74 -
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examples of peat c:.oq>ressibility aiven by MacFarlane (196S, pp.108-l14).

CcJq>ression may have moved the pile down below the level of the local water

table. On the other hand, even moderate loading can reduce the permeability

of peat by several orders of magnitude C·lacFarlane. p. 108), which may fol'll

an effective barrier to vertical water JBOVeIDeDt.

Piezaaeters were installed at wells 24 and 27 to determine the vertical

COIIpX1ent of groundwater flow near the stockpile. Flow is downward at W2ol.

suaestina that. the saturated peat may be perched over a deeper water table

in the ovtwash (fig. 39). Data for W27 indicate that flow there is primarily

horizontal (fig. 40).

Water s~les freD the wells around the 8011 stoclcpile were collected period­

ically during the last half of 1976 and the first half of 1977. SeIDe of

the wells were s8q)led eight times while others were sSlpled fewer .iJDes.

Not all s~les were analyzed for all paraeters.

The Sl.8Ia1j' statistics (table 8) show that water frca all of the wells except

W24 is 8 bicarbonate type. and is typical of aroundwater in surficial aquifers

in the reSion. Copper concentrations (ftaure 41) are ieneral.1Y above 3 mero­

1Ta.v/litel". as is to be expected near the Jlineralized zane (Siegel and Ericson,

1979. p. 11), but nickel concentration in wells other than W24 are below

the 5 micro-ar_/Ilter expected Msr the IliDeralized %0118 (fiaun 42).

Well l4 shows anau.!ously hi~l concentrations of sulfate, copper, nic:kel and

calci\llt ald. appears to be lDterceptina J.eachate fToII the 8011 stockpile

(fiaures 41...44). None of the other wells shows any indication of int.r~tion

with stockpile seepace. A RIll1 area of the 8011 stockpile near WZ4

directly on till. This probably allows wator m. the stockpile

into the local ~t.r I)-st_. and theBe. .- It also possible
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F'iure 41
COPPER CONCENTRATION IN WELLS AROUND THE 8011 STOCKPILE,
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Figure 42
NICKEL CONCENTRATIONS iN WEL.LS AROUND THe; 80" STOCKPILE'!

IN STOCKPIl.E SEEPAGE AND SURFICIAL AQUIFERS IN THE RfGtON
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that water seeps aut of the st>JCkpile at the ground surface and then moves

doM\ throuah the peat to W24. Differences in water quality among the othe'P

wells are Ilinor by c~arison. and may be due to differences in the materials

in Which the wells are finished. Wells ""25. W26, and W27 have higher

values of ?H. specific ccniuctance J calci\ID and magnesium than W23 J although

sulfate. niclcel and copper are the same or lower. 5ieael and Ericson

(1979, p. 62) found that concentrations of the major ions, specific conduc­

tance and hardness in water fran till aquifers in the study area were about

twice those in water in sand and gravel aquifers. The differences are attributed

to the finer grain site and lower hydraulic conductivity in the till, which

provide a larger specific surface area and longer residence t~. (Siegel

and Ericson, 1979, p. 65). Uthough W23, \\'26 and W27 are all finished in

outwash, the outwash in W26 and w"Z7 is considerably finer grained than

that in W23 (appendi."<: 4). Well 25 is finished in till which is actually

coarser than the outwash in W23 J but poor sorting may give ita lO\tt'er

'hydraulic conductivity.

Concentrations of sulfate, ca1cium, nickel and copper in W24 followed a

well defined seasonal variation (fig. 46). Sulfate and calcium levels

fell through late autum of 1916, were low through the winter, and rose

rapidly in early April. Copper and nickel followed similar patterns t

except for an increase fran OCtober through mid December of 1976.

'n1ese variations parallel changes in flow at EM-8: flow declined through

fall of 1976, dropped to zero over the winter, and resuned sharply in early

April.

Quality changes at WZ3 and W25 were smaller and the four parameters did not

follow a consistent pattern (figs. 4S ~d ~7).
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AL\W.YSIS.

Conc!J?tual t.txiel of Stoc!g?ile tlYdro1oay

A concept~ model of stockpilr hydrology has been developed on the basis of

field observations, literature and basic hydrologic concepts. The model describes

sources of water input, locations of output and flow paths within stockpiles.

In the analyses which follow) this tlOdel is used as a framework for interpreting

observations at Erie and .*1AX.. The interpretations are thought to be the best

explanation of ~tockpile behavior based on present data, although some alternative

interpretations are also discussed. Further data are needed to verify the

model or evaluate altelnatives ..

Development of a conceptual model serves two purposes. First, if stod--pile

hydrology can be lelated to cltmate. stockpile characteristics and site charac­

teristics J then stock-pile behavior can be predicted and evaluated prior to

construction. Second, since physical differences among the flow paths within

stockpiles may influence the types and rates of chemical reactions which

occur, understanding the flow paths can be one key to interpreting observed

chemical release and predicting release from future piles.

Water can enter a stockpile by direct precipitation or by runoff fram surface

or groundwater catchments draining to the stockpile site. Precipitation falling

on the pile can either run off over the surface or infiltrate into the pile.

M.1ch of the water w'hich infiltrates is subsequently lost to evaporation. h'ater

moving down through the pile may nul laterally over impeding layers and emerge

alung the margin of the pile as interflow. Some water may be stored in a ground­

water mound within the pile and sustain seepage from the margins of the pile

during dry periods. If the pile is on permeable material t water will also move

out of the pile vertically J eventually reaching the local groundw'ater system.

Interflow t baseflow and vertical seepage derived from p""ecipitation on the pile

- 94 -
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can be augmented by surface or subsurface flow into the pile from catchment areas.

Flow paths are diagranmed in figure 48 and discussed in more detail below.

Surface Rtmoff Surface runoff can occur only when rain intensity exceeds the in­

filtration rate for the material at the top of the pile. Soil infiltrability depends

on the texture, structure and unifonnity of the soil profile, as well as on the time
I

since onset of rain and the initial wetness of the soil (Hillel, 1971, pp. 132, 152-153).

For an WlSurfaced stockpile, the major factors affecting infiltrability are the grain

size distribution of the waste and the extent to which dtmping, grading and driving

cause layering and compaction. For a surfaced pile, the texture and compaction of

the surfacing material, and the discontinuity in conductivity at the boundary between

the surfacing material and the~ waste, will control infiltrability. Coarse stockpile

material below fine surfacing material can impede water movement and reduce the infil­

tration rate (llillel, 1971, pp. 143, 153).

Evaporation Three conditions must be met in order for evaporation from a body

to occur: 1) Heat must be supplied to vaporize the water, 2) There DUSt be a vapor

pressure gradient between the body and the atmosphere, maintained by transporting the

vapor away by diffusion or convectilJn, and 3) There BUst be tla continual supply of

water from or through the interior of the body to the site of evaporation". Only the

third condition is dependent on properties of the body itself. These include the content

and potential of water in the body, and its conductive properties (Hillel, 1971, p. 184).

According t~ Brady, "Soil physicists al'e agreed that the depth to which soils may

be depleted by capillarity and evaporation is far short of the four, five or e\"en more

feet sometimes postulated" (197~. p. 207). Stoc1q)ile materials '-ill generally

consi~;;;;rably coarser than most soils, so that capillary pores are fN and ...... .:J'~W.1>1oo

Hence, it is hypothesized that evaporative losses occur only from the outer port

the pile. .!!l!ll!!. evaporation at depth followed by mcwement of water out of the

- 9S -
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in the vapor state is possible (Hillel, 1971, p. 193), but the cold summer temperatures

in the interior of the piles wOuld inhibit in~ evaporation. In addition, vapor

pressure gradients slope fran wann areas to cold (Hillel, 1971, p. 197), so that

diffusion would tend to move water vapor into, rather than out of, the piles. Con­

vection of moist air out of the pile may remove sane water vapor.

If evaporation occurs primarily in the outer portions of the stockpile, evaporative

losses are limited by the ability of the near surface material to hold water long

enough for it to evaporate. The ai.Mmt of water held in the soil against the force

of gravity, variously termed field capacity, pellicular water or specific retention

(Todd, 1959» p. 23) depends on soil texture, clay mineralogy, percent organic matter

and the presence of impeding laye'rs (Hillel, 1971, pp. 164-165). Coarse textured

natural soils have field capacities of 3 to 8\ by volume (Todd., 1959, p. 24; Hillel,

1911, p. 164); stockpile material may have a lower retenti~ capacity. Since i..q>eding

layers increase field capacity, layering created by placing cov:er ntaterial or by grading

may increase the field capacity of stockpiles. Retention within the soil profile

can be aupented by retention on vegetation (interception) and retention in surface

depressions (depression storage).

Assuming evaporation occurs primarily from the outer portions of stockpiles, the controlling

characteristics will include the texture, thiclmess and layering of cover material, tex­

ture of the near surface stockpile material, and nature of the hydraulic discontinuity

between the two. The internal characteristics of the pile and its height \iill not be

~rtant. Vegetation could significantly increase evaporative losses by effectively

increasina the depth from which water can b, dral1ln, increasing the total conductive

ability of the material. and exposing more surfaces to radiation and wind.
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Interflow ''Water infiltrating the soil surface and moving laterally t.~rough the

upper horizons of the soil lDltil it returns to the surface at some point downslope

is known as interflow...Geologic conditions which favor interflow are those \ihere the

porous surface layers are Wlderlain by re1ative1y impervious 5 trata" (Gray. 1970. p. 4. 4). I
Interflow occurs when the rate of supply of water to some layer in the subsurface exceeds

the iniiltratian rate for that layer. Layers of low infiltrability within stockpiles

could include:

surfacing material spread In intennediate lifts and then canpacted by haul trucks,

relatively fine grained, canpacted layers of rock created by grading the tops of

lifts,

stratification created as the rock is dUJtt)ed,

layers cr~ated by fine grained material wnich works its way to th~ base of the

pile and fills voids between larger fragments, and

the ~ative materials on which the pile is sited.

Water may move some distance over a layer, and then encounter a break in the layer

and resume downward movement. The increased rate of supply of water at that location

enhances the likelihood of interflow over lower layers.

~e flow and seepage to sroundwater l'later C~"1 be supplied to the lower parts of a

stoc~'Pile by infiltration, by flow of surface water or groundwater fran catchment areas,

or by a combination of these sources. \~at~r arriving at the bottan of the pile can

nul off laterally as interflow, seep directly into the r.Jaterials below the pile and

eventually en.ter the groundwater system, or create a saturated :0 le wi ~'1in the pile

which either discharges as base flow at the margin of the pile, seeps into t.~e ground­

water below the pile, or both. Factors go\"eming production of interflow have already

been discussed. Unless the material below the pile is i.JJpenneabIe , some of the '~ater

reaching the base of the pile will seep into the ground~ater system. The amount ma>~

be controlled by the available supply of water or by permeability and pre-existing
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groundwater levels within the material below the pile. Development of a saturated

zone \!dthin the pile, howev'er, will only occur in some circumstances.

a) If the pile is sited so that catchment contributions are zero, the conditions

required for developnent of a saturated zone at the bottom of the pile are:

• - th&t the rate of infiltration to the bottom of the pile be greater than the rate

at which the material below the pile can transport water away, and

-- that the stockpile be capable of sustaining saturated conditions.

Infiltrated water available for base flow or seepage to groundwater (Ns) is equal to

precipitation minU3 evaporation J surface nIDoff and interflow. The ability of the

material below the pile to carry away water depends on its permeability (K2). If the

penneability is greater than the rate of supply of water to the base of the pile eNs) J

water which infiltrates to the base of the pile will seep directly into the material

below the pile. Stockpiles on highly permeable materials will not have a permanent

saturated zone nor sustained baseflow at their mat'gins (figure 49a).

If K2 < Ns~ the subpile material will not be able to carT)· away all of the water, and

a groundwater mound will develop within the pile. Whether the saturated zone within

the pile will be continuous with that in the subpile material or will be perched depends

on the distribution of permeabilities with depth (fig. 49b, c and d).

Lateral flow over impeding layers at intenoodiate heights within the stockpile may

cause a non-unifonn distribution of infiltration to the base of the pile. This could

allow saturated areas to exist locally at the base of the pile, e\<-en though the avera,~e

race of supply of water were less than the penneability af the f.laterial below the pile.

Given an adequate supply of water J saturated conditions can be mintained within a

stockpile L"l two \~ays.

1) The pile raay' have a penneability lew enough to sustain saturated ~;,c·tential flow.

If the pile is extremely coarse t water at the base of the pile will tend to

flow t~iard the discharge point in discrete char~els, and no saturated :one will

- 99 -
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2) Even if the pile is coarse, materials of low penneability surrounding it may

dam flow from the pile, causing pooling of water (fig. 4ge).

Perched groundwater rounds could develop on top of impeding layers at intennediate

heights within the pile if the rate of supply of water to the layer exceeded the

permeability of the layer, and ~lte naterial above the layer were of low enoug~, per­

meability to sustain saturated fImv (fig. 49£).

b) Groundwater could flow into the stoc1q:>ile from catchment areas under several

different conditions. If the pile is sited in a groundwater discharge area, the

saturated zone will rise into the pile until the cross-sectional area of flow within

the pile is large enough to carry away the discharge (fig. 50). Direct infiltration

may further add to the mound. The cross-sectional area of the flow needed decreases

as the penneability of the stockpile material or the slope of the base of the pile

increases. Again saturated flow will occur only if the stockpile has low enough per­

meability to sustain it or if danming of stockpile outlets causes pooling. In areas

with a shallow water table, a pile constructed on compressible materials may settle

below the level of intersection with the water table (fig. 51), allowing groundwater

to move into it. Salle of the groundwater moving through the pile could be discharged

fran the margin of the pile as base flow, while sane remains .iithin the groundwater

flow system.

c) If a stockpile blocks a surface drainage\\ay, some of the runoff from the upstream

watershed will move into the pile, ,-,hile some r.lay infiltrate into the surficial material

upstream of the pile (figure 52). Once in the pile, h'ater r..ay either move through to

the down~tream side or seep out the base of the pile. The distribution of catchnent

runoff among these paths depends on the pemeability of the stockpile and of the material

below it, the \"aillt. of runoff, and whether or not t.~e material belO\, the pile is

alread)" saturated. 5a:le ex&"l~s are given in figure S2. Again, fonnation of a

- 101 ...
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Figure 51-

.,

SATURATEO ZO,~~ WITHIN $TCCKPJLE PILED ON COMPRESSIBLE

MATERIAL IN AN AREA WITH A hiGH WATER TABLE
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saturated zone wi thin the stockpile due to surface runoff from catchment areas requires

either that the pile material be fine enough to sustain grOlDlch\,ater flow J or that

less pemeable materials around the pile dam the flow J creating pooling \within the pile.

The major factors affecting baseflow and seepage to groundwater from stockpiles are:

1) the grain size, layering and covering of stockpiles, which control the amount of

infiltration reaching the base of the pile to sustain saturated flow;

Z) site topography, "ilich determines the surface catchr.lent of the pile and affects

the possibilities for pooling of water within the pile; and

3) the pemeability of site r.taterials and original water tabl~ elevation, which

control grollldwater flow into and out of the pile and affect possibilities for

pooling.

Environmental signific,ance of flow paths Differences 3loong flO\i paths within stockpiles

may affect the release of cetals frar. stocl-piles or iq>act of a given release. Release

of metals from the pile cay be limit~ by the availability of water for transport, so

that the total water balance of the pile is important. Physical differences aoong

flow paths ~hidl r.lay affect the types and rates of chemical reactioos occurring include

gabbro surface area contacted, contact time, oxygen a\'ailabilit)~J tecperature and ",'et/

dry cycling (Lapakko, 191~). Leachate discharaed to surfs", "ater has an iJ:J:!ediate

opportunity to affect aquatic organiStlS. These OTianis.~ :'1.3.)" be aifecteJ in a different

'-'8y by the short, sharp pulses of toxicants asstXiated W1 th interilow pew than the

more uniform cancentratioft,j associated with base flow. Leachate released into the

local lroundwater system :-..sy ::love ;1 considerable (tL':e; before to

surface ~ater or to a water ~11. TOX1~ants to ,rounJt;ater are 1'101"e i~u1 t

to follow and collect, large are. ~r~ic ~andit

in the saturated :one li~it transport. ·:Jf these releues

Jepends un the relative ~ts us. of iri)t~~J.ter resources.

nv 8ft\lr irorr:-.entally !

in table
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I abb1"Oi $urfac~"---ti~ -i;-~;;t.ct --~xygen t_peratur.-weilJiy-·--iOcation of tl1De dlstrlDuflon--
.re~ contaclOt) with J.bbro availabilit.y cy1ina output of output

steady flow over
long periods

1

surface water short,sharp pea~s

surface water short, sharp peaks

groundwater

._._-~--_._"- - ~ - . _._--,-----

yes

yes

1

Ji.ited. surface water
depends on
fluctuations of
water table

val4 iable

variable

1

_..•..._.._- ------

hiah

high

1

restricted, low
depends on wetl
dry cyling

very short

short

Jonl

6nYi~tally significant properties of ,~ou paths in stockpilesTahle 9

to
ver, large

1 If the Jo~er part 0' the ~jle is unsaturated, water seeping out of the pile will have undergone conditions
i the Ju i-liar to those for intcrflow, while if the lower part is saturated, seepage into the
.ateri~1 the pile will have underJone conditions like those for base flow.
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1 5

r~ t pit i:;

P - precipit4tion
E • ft-apc;ratioo

Jl) • runoff
(;W- It'omd water
5 - staraae

- 1

..
tion and runoff

P • E + RO + GW. s

Anr of these quantities can also e express

to neparate e\"aporat i '0. and runt'lff 1 j~1

from non-stoc ile areas, e.I.,

Changes in storaa. ( 5) can occur in lakes. reser\:'oirs, or

lince

area, e.g., P • P x A. E • ~.X A. If t

but for the stockpile watersheds only

dered.

A ge:1eral wa te':- balance equa t ion j 5:

The gaged runoff at the outlet of the watershed is ,iv~n by qo. The

term GW can be either positive or negative. If positive, it denotes

water percolatina into the groundwater ,yste. and emeraing dOwnstream

of the aaging point (underflow). If nega t i ve, it represen t:; around­

water which flows into the ",~ateT'5bed acrolsJurface drainag. di\*ide.

Stockvile Water Balance

Water transports the products of sulfide oxidation out of stockpiles,

and hence the volume of water passing through a pile may be a limiting

factor in the mass release. The cost and effectiveness of treat~ent,

whether it involves diluting the discharge in natural streaaflows.

decreasing stockpile runoff by cover and revegetation, passing the

water through filter beds, or processing it, depends in part on the

volume of water discharged by the untreated piles. For these reasons

the water balance of stockpiles is important.

(input • output + chanae in stora~e)

~
~~~:~~r:~;-" ':, .-~
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rl
f-I

rl,t
I
I
I
I
I
I

Jj,L

~



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

'Alth

of
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le'!' •. lOu less

ieal fetttur

free:

ent n the

ati

1, e,sentiall

the channel alone."(Gray, 1 "',). p..... il.

wat~r· ioft ter! ti I are

filtration

Since tt\Q ...,f the periods analyzed were shorter than a y~ar, and all

periods anal)'":ed Ilarkedl}l' at)"pical precl,itation, ~hanges in

stora,. could not be aJs~ed to be zero. Chan in !torale were esti-

••ted usiRa the recession cur\'. for the w'atershed. UThe recf"S ion 1 i.b...

represents the withdra"al of wattr froll storage after excess rainfall

hal ceased" Consequently it aay be considered as the natural deerea,.

in rate of dis resultin. from t draini -off proce,. The

apt the curve is i ent of time variations In r 1nCal1 r in-

Losses to groundwater (underflow) were assumed to be zero. )f05t of the

uterial underlying the 8011 stockpile is impermeable, and chemical

data fro. well, around the pile indicate that leachate is mo\'ing into

the Iroundwater only in the saal1 area where till directly underlies

the pile (see p. ~). Much af the ~·8 watershed upstreaa of the 8011

stockpile is on till or uneampressed peat, and underflow losses

froa this area could be ,i.nificant.

EM-a: Precipitation input (p) to the ~~-8 watershed was calculated

u~ing rainfall data from the Erie site when available, and data from

Babbitt for other times (see appendix 3). The watershed area was

determined as described in appendix 5, and is 1.17*10' ft. 2 (0.42 mi. 2)

of which 52\ is stockpile. Runoff (RO) was measured directly at the

EM-I weir (see appendix 6).

1. Water balances for Erie stockpiles
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Analysis of the 91-8 hydrograpn for periods beb.-een stann events indicates

that the shape of the recession curv'e 'was reasonably constant throughout

the study period. The cauposite curve constructed from rainless periods is

shown in appendix 7.

Each point on the curve corresponds to a given vol\De of water in storage

(\'iessaan, 19i2, p. 70). If the budgeting period begins and ends at different

points on this cune, the volt.ae of water in storage has changeJ. The Ir.ag-

nitude of the change is the volune of water under the recession curve ben,"een

the poinu correspondina to the flow rates at the end and beginning of the

budaetin.g period (Viessman et al., 1912, pp. 69-70). Figure S3 illustraltes

this _thad of calculating changes in storage for the 1917 water }"ear.

Water balances lor the 1971 water year and for the coaaon period fro~ 1976

and 1917 data (Jul)· through September) are sh~n in table 10. For the 1971

water year, the total yield froll tile watershed (RO+AS) was 28' of input (pre­

cipitatial). IW-ina the s\8IIIr drouaht of 1976, virtually all of the rain

that fell e\~aporated, and flow wu sustained by discharge of stored ~.ter.

I)Jrina the ~'et S\.8el" of 1971, output ~1IS 31' of precipitation.

the 3 and 1 ~ater·

Jetailed. Precipit.ation

the Erie site

.., III ..,

§!!R31Dd S!!P .l~ Fewer data are available

sheds. so the water a.uance are

input was calculated data

Iftd data

detel"lliJ'led at 5

calculated 1
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!«J(ft~2 L\Sfft3l
RO I~+AS

Per ilxl P{JE) ~(l& i.\Sl~n) GW(in) E(in) ~(') P (I)_._-

lU/1/70 - 9/20/77 33. 3~~ 7.S7xlOO 7.76 1.48x106(1) 1.. 52 0 24.1 23 28

__ -------------w. .'

Water Balailces For ·nl.C l:..~~S Waters}p..:d

31

'U 04.76 27

13.09 28

o

aO.44x106(3) 0.45

-1 .. 27xI06(2) -1.30

5.. 39

1 .. 30

5 .. 26xJ06

1 .. 27xl0t>4.7b

1~.93

Tahle 10 ..

0/!.7 - 9/25/70

o/Z7 - V/2S/77



I
I
I
I
-I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

1.14
0.552
0.378

1.16
2.46

1.e3
0.611
0.424

12.3

Watershod

.. 114 -

included stockpile area
alternative 1

2
3

watersheJ
alternative 1

2
3

area above sump 6.71
included stockpiles 2.22

3rea below sump 4.99
included ~tockpiles 3.91

8006/8017 2.17
8011 3.51
8012 0.53
8014 0.50
Total 6.71

:tota1 watershed
included s~ockpi1e area

8014/8011

Seep 1

84-8

Seep 3

total watershed
included stockpile area

Descriptior

Table _kL. watershed ar~as of Erie seeps, millions of ft 2

Contain~

Stockpiles
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discharge (se~~ J\Pllendix F), hhen this procedure ~'as applied to the

periodic m.easurer..ents at BI .. S, t..'le resulting volt,:te exceeded that detel1:\ined by

ccntinuous ft~ir l~cords by 13\. It is likely that the rLmoff est~~ates ror

seep 1 and &..~p 3 are sCJilewh,lt high.

Since large parts of both \"atersheds are thought to be on bedrock or compressed

peat J losses to groundwater probab ly are small and \\'ere assumed to be :ero.

By analogy with DI-S. storage probably increased over the budgeting ?eriod

(August 1 t 1976-Jul)' 31 J 1977)>> but no data are available to make a quantitati\'c

estkaate J so :ero change in storage \\as assumed.

For the period from .\ugust 1, 1976 through July 31 J 1977, the seep 3 \.;at(;rshcd

yielded lunoff equal to ~S to 50% of input precipitation (table 12). Estunates

of percent runoff from ~eep 1 vary consideraiJl)' depending on watershed area

estL~tes (table 11). TIle data suggest that the t~o snaller watershed areas

are Wlderestimates, since they result in 90 and 131% nmoff. TIle largest

watershed area est1~ate gives runoff of 30%.
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').... ':ater bal~\nce$ fot' ~1i"n3ma..'( field leaching les .

Precipitation J:ita used in the \\at~t balance for the ~liN\W~YL~ pi les are iran

the standard gauge at the site (appendix ~atershed areas ~ere rnea~ureU in

the field :md aloe sur.Jnal"i:ed in table 6. Initial calculations group tht! rock

area with the exposed h}-palon area in ~anputihg runoif coefficient~. Because

the exposed h}lla1on probably provides little opportunity for retention and

evaporation. furuler calculations \iere ~ade assuming a r~off coefficIent

for the hypalon of 70~. This figure \·;as chosen arbitraril)· to determine

t..'le extent to \\'hich this factor could change estimates of runoff from the rock

material.

Runoff data for 1977 are from the current meter installed on Fl.-I, and May aot

be highly accurate (see p .18 ). Data for 1978 :lre from the recording flQ\o;

meter on the ~:':'1~ that collect~ nmoff from all six pi les (see ;.lppendix 9).

The h)~alon IUlers prevent intera:tion with grcund\\ater. Storage is assumed

to be zero, since £10\\ falls to zero during dry periods bet\\een stann eVents.

Budgeting periods begin and end during such :ero flO\~ periods.

For August through October of 1977, run... £f fron FL.. l has 3S~ of precipitation

(table 13). For the eleventh mcnti1 period from L'ccenber 1977, through October

of 1978 all of the piles together yielded 10.5 i.nchE3 of runoff, or ,Jl)% 0:

precipi tation. The assumpt iOll of a higher percent n.uloff irom the hy?alon

had a negli,sible effect on 11.rrtoff coef:icients ior th~ ro~k r.~aterial.



·I·.lhlt.~ 13. Water ;~lW1CCS I;or the J.tiruWIDaX J:iold Leaching l'iJ",-

'~atcrslk~cJ Al"C,l (ft '")
MO{ft31.

~( in) IO/P (\,
I\·riou 'I'ol,Jl !{(x.:k i lylJaJ5>fl P(in) Total ItypaJOIl Mock Total J~1oA lock-
~V"1 . lU/~H/77 31~() 3157 39 13.06(1) 13l4(3) 4.97 9.14 4.83 38

;,/u . Sf 11/78 2083U 19590 12·tu 12.83(2) 12018 6.93 8.98 6.55 S4 70 5J

Il11/77 10/31/7~, ~Og3U 19SW 124U 25.85 18080 10.5 40

(I) Pn:\.ip. ;\u~:. 4· l~t. 2~). Jtrcl:ip on Oct 30 anJ 31 ran oCf after budgctting period.

f.•:) I·..",\. ip. M~l)' 0 - Aug. 1U. Pl'cc..:ip on Aug 11 ran off after budgetting period.

(.)) itu ~ Jiff\.'r\"Kc ill flow u~ter rcooings on the two end dates, plus 110 gallon added as e::;tiaate of wlrecorded
fluw un two s(~pal'atc..· ,lays.

---_._--~----------
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Discussion

Because the period o~' record for stockpile £10\.'5 is short an~ had anor:lalous

p'recipitation patterns J it is diffical t to draw \:onclusions about the typi~al

behavior of stocl~ile wat~r~heds. A frm~work for llilalyzing the available

data can be nade by ~or.'t)aring the behavior of natural watersheds frara 1976 to

1978 ~ith their long tenm average behavior.

Ou1'ing the ~tudy p~riod, the yield of stock~ile watersheds at Erie exceeded that

of natural \·;atersheds in the region (table 14). From. October, 1976 through

Septernber J 197i, nllloff from the o.f- 8 \vatershed as'11Ounted to 7. 76 inches, \\'hile

nmoff from nine gaged \\'atersheds in the region averaged 6.00 inches. From

August, 1976 through July, 1977, the seep .3 \·;atershed yielded 9.9 inches.t hThile

natural watersheds averaged 3.39 inches. Comparison of monUlly flmis from

BI-8(figure 23) and seep 3 (figure 17) with those from the Ka\\ishhvi River

neal· Ely (figu.r? 8) and the Partridge River near Aurora (figure 11) indicates

that t'iO factors \,'ere responsible for the higher yields fr 1')ffi stockpile watersheds.

First, the high~r yields of stoc~'Pile \\atersheds during the summer of 1977 com­

pared \·.rith those of natural \\'atersheds indicate less susceptibility of stock.-piles

to evaporati\'e losses. The stock-piles are not vegetated, so transpiration

losses are zero. In addition, only a linited amolUlt of h'ater can be retained in

the active evaporation zone by the coarse r:laterial and only a li..-nited soil moisture

deficit can develop under prolonged eVaporation. Secondly, higher flm\"s LT'l

the fall of 1976 sugges t that the stocJ..:pile ha~er5hed.5 hai/e a better :1.oili ty to

sustain flO\\' £rol:1 3torage during dry periods.
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Rtmofi from the Erie \'iatersheds ~uring an average year can be expected to exceed

that of natural watersheds in the region, and h'il! probably be 40 to SO~ or more

of precipitation. wring the 197;' water year, nmoff frol:1 the 8'-1- S \.;atershed

was 23% of precipitation, and rWloff plus changes in storage totalled 28% of

precipitation. Al though rainfall over the period \,as 117% of no rna1 , nu1.0ff

from natural \\'atersheds in the region averaged 58% of nonaal (tabl" 15), and

was only about 18% of precipitation. Runoff from the S"I-8 \,;a~ershed \'ias probably

below nOlma1, also. Runoff from natural t.;atersheds in an average year is 37~

of precipitation, and it is likely that the nmoff from the ~1-8 w'atershed 'I,'ould

exceed this amount. From August 1976 through July 1977 the runoff fran seep 3

,,-as 44% of precipitation. Precipitation \.;as 79% of normal, but nmoff from

natural watersheds h'as 32% of nonrlal (table 15) or 15% of precipitation. By

analogy, the runoff frOl:l seep 3 is likely to be considerably greater than 4~%

of precipitatlon in an average yea!'.

The armual yield of the seep 3 ...;atershed is apparentl: r:1uch greater than that

of the E\f- 8 \~atershed. _-\l.TIbigui ties in dctcrr.tining \,atershcd areas and calculat ing

seep 3 runoff from periodic r:l~a5Urcf.1.ents ::'lay .1CCOLUlt for ?art of the difference.

Large ~arshy areas in the Qt- 8 't\-aters:1ed probably lead ~c .sreater evaporati\'e

losses. Underflo" losses due to s~epage into the till in upstrc~~ porti0ns of

the watershed f.l.ay also reduce the flo\\ uf the u1- 3 i'atershed.

For purpos~.:: 0! :"redict ng i..liipa,,;ts of 1'uno££ .ir...;~: :to~lyile5 O\..U 1t ':urin; :t;tun:

copper-nickel ~ining in nortile111 :'!in.l'1e:;0ta. l)roj~..::ti0n3 I)r ~to("~"Vil~· ~~eha\'':,Jr

ba:jed en obser·,tations at Erie her~ ..l~\·e.>lc?cd. The :n-er:.1::;e ~1r.U:ll n ..L'1<):"i .~: the

to 5(l:~ or =::ore of -p:er..l;e :l!l_L-::;t~ ?recipi:ati'Jn. :-h~ stoch.-pile3 ..lre ~:...ou~: : to

yield :7!ore rt.lJiO:£ t~1::U1 :::~ :..ll':di5t:.n·::'~d ~~n:aJ 50 :;:)ck-pi:e 1~.0if is 3pp3.fsntlr
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i'd J ~t I eLulIfJ )W~ ~lrC in ft :)/Sl'C tul1css oth~rwisc noted.

Tabh.~ l~. Stn}~ilrlO\iS during hudgctting llCl'iOlis and streamflow statistics

.25

3 .. 39

.45

() .11

.91

12.4

.71

9.64

.52

7.00

.77

-~ --~----_ .._---- -----_..__._--
IU.S

lUUlual StrcamflO\i Statistics Q Q
jf-avt~ nzs ]IQ.--- Q75 10/1}70·9/30/77 8/1/76-7/31/77

~-~. ---~-_... "-

22.4 lb.1 19.0 27.4 15.6 12.0

] 12 73.7 102 135 56.6 34.5

230 108 218 270 III 56.8

223 lo? 216 259 V4.S 42.6

272 187 246 331 193 106

36.0 26.8 33.5 40.1 24.9 12.3

41.2 27.2 37.9 46.7 36.7 19.8

l{)l~ 599 883 1118 544 307

80.6 ·1 J. 5 83.4 107 41.0 18.8
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Tne intetna~ characteristics oi the pile and its height are not thought to be

For instance, essentially all of the precipitation \·,hich

important. TIle nature of the surficial r:laterial below th..: pi le ;~y appear to h~l\'e

an effect, if seepage to gro~1(~\~ters is not ~ea5ured.

tion occ~rs pri....narily in the near surface portions of the pile, the controlling

the texture of the near surface stockpile rr~terial and the nature of the hydraulic

w'ere made by assuming that the S3.l"';le amount of \vater is lost to evaponition in

and the ratio of stoc.k.-piln flow to natural watershed flow was hig~l.

discussed in the "evaporation" section of the conceptual node1. Asstnni:lg evapora-

the 19i7 water year deTilonstrates. The storage characteristics of the watershed

Rough approximations of the variations in stockl'ile lUllOff in \.;et and dry y-cars

extre~e r~~ge in ~n0ff.

discontinuity bet\'ieen the t\iO. \~egetation may significantly increase evaporation;

characteristics are the texture, thicknes~ and layerDlg of tile cover material,

stock~ile seepcJe was ~ustained by withdrawal from storage witilin the piles,

fell from July through August of 1976 evaporated, as \vould be expected, but

also have an effect.

a wet or dry year as in an average year. This amount \vas subtracted from the

wet or dry year precipitation to estiJ:late nmoff (figure 54). For the watersheds

at Erie, this method predicts essentially zero nmoff in a dry year, and 19 to

2S inches in a \{et year. Although the method gives an indication of the range

in a nmof£ which might occur, the actual runoff in a wet or dry year depends

on many factors. Precipitation is not necessarily a good predictor of ~~off.

Precipitation and evaporation during tIle preceeding years llave an effect, ~s

Physical properties of stock~iles \vhich may af~ect the annual ~,'ater balance are
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Seasonal Runoff Patterns

Runoff data from e.1- 8 provide the most complete and accurate infonnation

for describing seasonal nmoff pattenlS. Flow \ias zero during the winter

months, probably due to fonna'tion of ice dams within and near the margin

of the 8011 stockpilt'. At other times, the flow never dropped to zero,

but was sustained between stann events by dischal'ge of stored water. Spring

flow O.farch to )(ay) was small in the one year of record (1977), reflecting

the low snow'fall and depleted soil moisture conditions. Surnroor and fall

discharge varied with the number and size of rainstonns. Flows \iere substantial

in 1977 and 1978 J but in 1976, when rainfall was negligible J flows receded

steadily from July thrcugh the fall and winter.

Because the period of observation w'as short and rainfall patterns during the

period were unusual, the seasonal flow patterns observed may not be t>~ical.

~ a further source of information, observed patterns at &t-8 are compared

with patterns for natural \~atersheds during the S::u1e period. The long tem

average behavior of these watersheds is knO\\1J" and provides a perspective

for observations made in the period from 1976 th:,:,ough 19i8. Thre~ of the

stream stations used were chosen because they are unregulated: the Ka\'iishiwi

River near Ely, the Isabella River at Isabella, and the Bear Island River

near E1}'. No data were collected for the latter two in 19i8 J so the Par­

tridge Riv~r was substituted. Flows of the Partri~ge River ~ere corrected

for diversion and changes in reservoir storage by the JSGS. All of ~~ese \\ater­

sheds are much larger than the ~I-S ,,;atershed, and ,.;an only provide a.~ integrated

s~ary of typical runoff behavior in the study area. Xatural ~\ater5heds the

same size as Bl,;,S could have an infinite \~ariety of seasonal runoff patterns.
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The following discussion is based on figures 8 through 13 and 23. To

facilitate cor.~dri$on, all flows are plotted in cfs per square wile (cf3m).

The overall patterns of nmoff from the Gt-S watershed during the study

period were similar to those of natural \~atersheds, which suggests

that runoff patterns ~uring more typicnl periods may also be sinilar.

Flows are very low Juring the winter of 1976-7i. Spring flows from natural

watersheds \\-ere very much below nOl-mal in 1977 t which suggests that spring

runoff from stock--piles may be a major fraction of annual flow in nomal

years. Sumner and fall flows of natural \-latersheds) like £lo\v$ at B1-8 J

were strongly dependent on rainfall. Flows were small and receded through

SU111ner and fall of 1976. Flows were moderate in June through August of

1977, ~'lt shot up in September and tiere high through December. ~ineteen

seventy eight summer flows were at or above nomal.

In some significant respects the behavior of the ~1-8 ~atershed differed

from that of natural "atersheds. Flows were better sustained during the dry

period from Jul)' through ~~ovember of 1976, suggesting that the 5\1·3 \vatershed

has better storage. This is true of the s~ep 3 \~atershed as 'iell. Flo\·;s did

not increase as :5oon or as much in spring a-larch -~f~)", 77 J May-June J ~8)

as the:' did in natural w'atersheds. Persistence of cold temperatures in the

pile probably causes a later a~1d slower thaw. This appears to allow 1:10re of

the ~piing rnelt to go into groundh'ater storetge, helping to I~aintaL'1 base

flo\'.'s later. Sumner flo\\s (July-:\u~'''ustt 77, July-September, 78) \...~re higher

than for natural \\'atersheds J indicatinb less susceptibility to e\'aporative

losses. Transpiration losses are ~mal1:, since the piles ~'ihich cover 52~

or tJle watershed are unve&etated. Furt}\en:1ore, only a lL'7liteJ ar.10t~~t of

... 126 ..
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Surface JUloff

No water leaves the stockpiles at Erie as surface rona·ff t non rain"

fall intensity sCDetimeS exceeds the infiltrability of the stockpile ,ur­

faces. lb. infiltrability of the CQ11lacted gravelly sand till surfacina

material is probably adequate to allow coq>lete infiltration of l8ny storms.

Large (SO x 100 ft) uncovered patches of \t1lSte rocks on the stockpile sur­

face probably allow O>q)lete infiltration of most storms locally.

The surfaces of the stockpiles have a poorl)' to moderatley well developed

drainage netl--ork. Wide, shallow channels (1 or 2" or less deep and 6 to

12" wide) eroded into the till demonstrate that its infiltr::\bility is ex­

ceeded at times. Some channels lead into scattered ponding areas, where

c:laying silts cov'er areac; 10 feet or more in diameter. several inches of

standing water has been found in these pools two days after a substantial

rain. Other channels lead to exposed patches of waste rock. sands and

silts carried by runoff have been \iaShed in be~"Cen the cobbly rock frag­

ments. This system of channels and minor depressions appears to keep

most of the rainfall on the stockpile surface long enough to infiltrate

or evaporate.

Water reaching the side slopes of the piles ~ill infiltrate into the

coarse rubble iJmlediately. ~bst of the perimeter of the pile slopes

back toward the center for personnel safety reasons, precludil1g ""ater from

running off the sides. In a few places channels lead to the edge. but

disappear upon reaching the coarse side slopes.
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The infl1tnbility of the stoclcpile surfaces hal &ot been .uured,

but buecl on obsolVation rainfall intensities at Erie (table 16) II\d

the pnsence of channels OIl the pile. it is probably let. thm one

inch per hour. This is lower than infiltrabilities fO\l'\d by Burton,

Gifford and Hart (1978) for \ftCOV'ered wute rock piles, but is of the

s-. order as typical values for coarse loi ls (s. table 16).

Neither the bare piles nor the soil·dressed piles at lttim-.x yield

surface runoff. The CaBpaCted rock aM soil apparently hkve hiah

infiltrabilities. The piles are too small in areal extent to develop

sianificant channels, so that any surface nIlOff would be in the

form of overland flow in rills and sheets.
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Table~. Summary data on rainfall intensities and soil infiltrability.

Rainfall intensities for selected return periods and durations QNatson, 1978,
table 6.2)

Rainfall intensity

Same observed intensities at Erie in 1977

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

for rock dumps inches/hour
- leach dump under ponded conditions (Annstrong et al., 1971, P 7)
- waste rock piles of non-porous igneous and JOOtamorphic

material under s~lated rainfall (Burton, Gifford ana
Hart, 1978, p. 274).

return period, years
duration, min. 2 10 2S

30 1.6-1.8 2.4-2.8 2.6-3.2
60 0.9-1.2 1.5-1.8 1.7-2.0

360 0.27-0.3 0.4-0.45 O.4S-0a52

Infiltrability

Literature values for bare soils, inches/hour
0.3 - coarse and ~dium textured soils o\~r outwash, coarse

open till, or coarse alluvium (Gray, 19iO, p. 5.5)
0.1 - medium textured soils over lnedium textured till (Gray,

1970, p. 5.5)
0.05 - medium and fine textured soils over fine textured clay

till (Gray, 1970, p. 5.5)
1.0 - loose sandy soil (Linsley and Franzini, 19i9, p. 4 )
0.01 - hea\y clay soils (Linsley and Franzini, 1979, p. ~ )

Literature values
6.3
1.3 to 2.4

date Precip(in) guration(hr) intensity (in/hr)-
5/31 1.24 6 0.38
6/5 .27 0.6 0.45
6/16 .42 0.75 0.56
6/17 .3 0.55 0.55
6/28 .72 0.74 0.97
1/3 .78 0.83 0.94
7/16 .34 1.85 0.18
9/19 .54 5.2 0.10
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Stockpile Water Retention Capacity

The water retention capacity of the stockpile~ was estimated and canpared with

obserred losses fran storm rainfall to get a sense for the following:

. - Are evaporative losses fran the EM- 8 watershed daninated by losses

fran the vegetated/water covered undi3turbed area?

Is the asstJq>tion that evaporated water is lost primarily from the near

surface part of the piles reasonable?

Does th.e canparison suggest other losses, such as seepage, are necessary

to account for the observations?

Evaporative losses are limited by the ability of vegetation, surface depressions

and the soil to hold water long enough for it to evaporate. The processes involved

are discussed in the "Conceptual ~foder' ..

The maximun retention a~3ociatedwith a single runoff event at Erie through 1971

was 2.3 inches, and the maxiJm.D observed at »tAX through 1918 was 3.0 inches

(table 17). Retention was calculated to be that fraction of rainfall which does

not nm off and which is not evaporated durina the stant period, and ignores soil

moisture present when the storm began. Table 19 shows the evaporative losses

for numerous other stoms at Erie. Daily pan evaporatioo is given in appendix 10.

Retention capacities of the soil cover (if present) and the stociq)ile rock were

estimated separately and are stI8U.rized in Table 18. The till co\~rina the Erie

piles is approximately 10 to za, gravel, 30 to 45\ sand, to ,ilt and 10 to

ZO, clay (Olcott and Sie~e1, 1918, pp. 10-11), and may have a field capacity of

6 to 25\ by volune, based on published data (appendix 11a). The retention cap­

aci ty of the topsoil is estimated to be near the upper end,f this ranI" •

.. 131 ..



total precipitation- total runoff- total evaporation

total evaporation-evaporation durin9 storm period - retention

total evaporation - evaporation-during storm period-retention

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

.10

.11

3.27

2.95

2.31

2.52

•

-

8

.29 •

.32 •

.21

2.79

1.46

precip (MAX) Pan evap (Hoyt Lake.)

.77 .OS

} .03

}

}

3.56

3.27

2.52

3.98

ob.ervations through

8/25/77

2'
27

28

Date

(3J
total precipitation-total runoff - total evaporation

(3) tot.l runoff- interflow plus bueflow

Erie 81-8

Date Precip (Erie) Pan Evap (Hoyt Lakss)

8/25/77 .93 .08

26 1.6 .03

27 1.45 .10

(1) ob.ervations throuqh 1977

»lAX lL-1

Table --lZ.-" Maximum retention associated with a 8in91e runoff

event from Erie il)and ~AX(2)stockpiles Cinches)



Estimated retention capacities of stockpiles

at Erl.~ and MAX

• 133 -

for stockpile rOCK, thickn... indicates various estimates of
the active retention/evaporation zone.
based on pUblished data for soils (appendix 11 )
based on model that considers water retainea-In pores in the
tine fracti~n and in thin fi~. on the course fraction
(appendix )
b••ed on JIrItinc.; value found by Bekis in studies of valley fill
(appendix )
from Bger, Johnson and Hohenstein, 1919, p. 22.

(1)

(2)
(3)

(4)

(5)

MAX

material thickne.s (1) retention

(ft) volume' inches of water

till cover 0.5 6 t.o 25(2) 0.36 to 1.5
stockpile rock 3 0.11 to 0.89 (3: 0.04 to 0.32.. 5 0.11 to O.89~J) 0.066 to 0.53.. 80 0.11 to ?f9 1.1 to 8.5.. 3 3.5(:) 1.3.. 5 3.5(4) 2.1.. 80 3.5 34

material thickness (1) retention

(ft) vo1u..' inches of water

till cover o. 60 (~) 6 to 25(2) 0.. 43 to 1.8
II O.92~5l 6 to 25(21 0.66 to 2.8

topllOil 0.91 20 t.o 25(2 2 .. 2 to 2.7
stockpile rock 3 0.40 to 3.1~i~ 0.14 to 1.1

II 5 0.40 to 3.1() 0.24 to 1.9.. 13 0.40 l'i,3.1 0.62 to 4.8
II 3 3.5'4) 1.3
If 5 3.. 5(4) 2.1
II 13 3.5 5.5

Erie

Table 18 •
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Table 1.

Aftalysis of Total Storn Yield 'ron The ~·s Waterhse4 lase. Oft Daily
Discharle Data.
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The stockpile material is very coarse J and probably has a retention capacity

much lower than that of the cover material. Laboratory data collected by A\fAX

showed that a caDpOsite s~le of croshed gabbro ranging in size from 0.149 to

2.38 JDB retained 4.44\ water by weight ('\.9\ by Y01UDe) after 48 hours. Since only

1 or 2' of the stockpile caterial falls in the size range J this Dl.lSt be an upper

limit on water retention. l*>rk r~rted by Eckis (in Todd, 1959. p. 24) showed

that the specific retention of valley fill tended to approadl a limiting value

of 3. SI by vo1t11e as &rain size increased (see appendix lla).. A 1lOde1 of retention

capacity that considered water retained in pores in the fine fractia'l and in thin

films on the coarse fraction predicted a retention capacity of 0.11 to 0.89\ by

voltne for the Erie piles and 0 .. 40 to 3.1\ b)r Yol\lle for the ANAl piles (appendL'"< lIb).

The 8D.lUnt of water that can be retained for evaporation by stockpile uterial

depends on both its retention capacity (vollDe percent) and tlle thickness of

material accessible to evaporative processes. Fo1lowina Bndy's ar~nt (1974,

p. 207) that only the upper parts of the soil can be depleted by fWtIllOration.

an active thickness of 5 feet at most seems reasonable. On this bui1\ the steck"

pile material at Erie u estiBated to be able to retain 0.066 to 2.1 lnc."ws,

and that at AM\X 0.24 to 2.1 inches. for the stom event of ~t :5-ZI. 1917.

at ANAl, this retention capacity is not sufficient to account for the observed

10lses frell the bare FL-I pile. Measurements of nmoff _y have been low. or the

vol\.118 percent retenticm or active thickness be underestiJ:lated.

Cover material contributes to retention capacity core siillificantly its

thlclalns would sugelt. 1be till on the Erie piles estL-..ted to De able to

retain 0 .. 36 to 1.5 inches of "'ater ,. nearly 3S as ti'.e stockpile oaterial. The

two topther caD retain up to 3.6 inc.'les. is sufficient to account for

losse. at Erie. hydraulie discontinuity c~'er tlaterial and

uterial viII tend to inCntue retention it"apacity -:o,,.r caterial tHe t: ) •
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In addition, evaporation fran the Erie stockpiles is facilitated by water held

in surface depressions lined with silt that dot the tops of the piles. Evapo­

ration fran vegetated areas and low-lying wet areas of the ~-atershed is probably

greater than the average for the watershed, with evaporation from the stockpiles

generally less than average. ~ertheles5J the calculations suggest that evapo-­

ration from the stockpiles is not nealiaible.
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Stom Yields

In this sectiol1:, estimates are made of the total yield (interflow plus

baseflow) and evaporation from rain events. Obsenred evaporative losses

establish a lower limit for retention capacity of the watersheds, as dis­

cussed above. Total yield is subdivided into interflow and baseflow in

subsequent sections. The two flow paths have different physical conditions

which probably affect release and transport of trace metals.

The total yield from a stann is affected priJnarily by the volume and in­

tensity of rainfall and the infiltrability and moisture deficit of tile

soil. The larger the volune of rainfall relative to tile soil moisture de­

ficit, the great~r Ule yield will be. If sto~ intensity exceeds soil

infiltrability, water may run off ~efore it has a chance to replenish

soil misture, increasing yields.

me _thad eq>layed was as follows:

1. An individual nIloif event (hydrograph peak) \teas isolated. Recession
curves spliced to the hydrograph prior to and following the peak en­
closed a volume of outfl~.

For the FM- 8 watershed, the \-olllfte of flow enclosed was calculated
from tabulated discharge data (appendix 6) and tabulated recession
curves (appendix 7). For the NvtAX piles, the volume w'as calculated
from tabulated discharge data (appendix 9) and recession values read
from t."'le cun"es sketched on the hydrograph (fig. 23 and 29).

3. Each rainfall event was assianed to a lUloff event, so that percent
nrlOff could be calculated.

IdealI)·, the runoff from each rainfall event \\ouid be calculated separ-

ately, but frequently several rainfall events contribute to a single

peak 'vnich cannot be subdivide<! to resolve the runoff associated \.;i th each

event. The aeth,:ki used results in a narr~er range of percent yield
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values. For example. runofi frorr~ the stann on ~lay 30 and 31 and June 1

1977 (table 19) was estimated as 33% of precipitation, but it may be

that tile storm e"fi'-lay 31 yielded 40% and the stonns of ~1ay 30 and JlUle 1

yielded nothing. Computer modelling of daily rainfall, flow, evapora­

tion and soil moisture could )rovide a better picture of the storm re­

sponse of stockpiles.

.e.f.. 8: Jata used are those described in the ''l'later Balance" section.

As in that section, it is asSUt1ed that no water is lost by seepage to

underflow.

The recession curve became less steep for flows over 0.3 cfs from Jtme

through september of 1977. That high base floW's \~ere sus tamed longer

indicates that short tem storage within the system increased.

Figure 5S shows the daily discharge hydrograph for ~i-8, with reces­

sian curves separating it into different nmoff events. Table 19

Sh~iS precipitation, runoff and evaporation for each event. Yield

has ranged from 0 to 66% of precipitation, the latter figure based on

precipitation recorded at Babbitt. Using only rainfall recorded at

Dunka J the maximum observed yield for the t\,'O :rear study period is 37 %.

The yield of three ;Latural \vatersheds in the study area ranges from

5 to 90%, based ',JJl a longer period of record (fig. 56). Considering the

depleted state of soil moisture during much of the study period, it is

reasonable to expect higher yields £roIil stock-pile \·..aters~1eds in the future.

Due to the effects of soil l:1oisutre, rain intensity, and other factors,

the correlation beb,een rJnoff and precipitation is only fair (fig. 5;).
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from Sevard, Nelson and Bowers, 1978, p. 18.
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Figure 57

STORM RUNOFF AS A FUNCTION OF PRECIPITATION AT EM - 8

1976 AND 1977
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~illi 1976 the mall. inft"equent stoms ~ave rise to few runoff peaks.

Those ~ich did occur were small t and accounted for a negligible frac­

tion of input precipitation. All of the nmoff generated in the sUI!1iler
5 .,

of 1976 may ha,-e come from the small (2.64 x 10 ft") bog betlt.'een el-9

and the weir I with the stockpiles and the undisturbed areas upstream of

SOIl contributLng no runoff. Storm yields in 19i6 accounted for a max­

i.mu'!\ of 48\ of the precipitation on the bog. The bulk of the flow for

the period was base flow from storage.

~lany of the 1977 stom hydrographs exhibited a double peak on the two­

hour flow curves (see appendix 12). On the basis of timing and size,

the first peak is thought to be the bog response and the second the

stocklli1e response.. Chemical data taken at close intervals across the

peaks Clay verify this.

Percent nmoff lias high in the early sur.rner of 1977, when stOl'T.l.S \~ere

large and temperatures and evaporation potential ,...ere low. Stcnns in

Jul)p and the first part of August ,,,ere small, which combined with high

~·aporatio. potential to give low runoff.

i~lAX: The data used are those described in ~'le "Water Bala..'l.ce" section.

Flo\\' data for 1977 are froo the flow meter installed on leadl pile FL-l J

and are not highly accurate. Flm¥ data for 1978 are from the metered

suq> \\tlich drains all six piles. ~o consistent recession curra \~as

obsen·ed. so recession cunres '·'ere sketched individually for each storm.

Flow from the piles drops off rapidly i.U1d base flO\~ is snaIl, so the \·01­

umetric error from e$ti~ating recession curves is small.

For the storms analy:eJ J rie1d has ranged from S to 26% of preclpitation



(fig. 58). Based an the more reliable 1978 data only, the range is 16 to iO%.

Sane smaller stonns not analyzed yielded :ero runoff. Percent runoff gener­

ally exceeded that from the B-1-8 \.;atershed for the overlapping time periods

(fig. 47 and 58). probably due to higher losses from vegetation and standing

water at ~t-8J combined with less complete control of watershed outflow.

Table 20 summarizes observations of yield at Erie and A\l~, and compares

the.'n ",·ith the model results for three natural streams in the study area.

The ~\~ data cover a range comparable to that of the natural ~ater­

sheds. ~t-8 data, which are more representative of real stockpiles, cover

a lower range. Canparison of stmner flow pattenls for the &1-8 \-Jatershed

and natural watersheds during 19i6 and 1977 indicated that stockpiles are

less susceptible to evaporative losses than natural watersheds (see

"Seasonal Rtmoff PattelnsH
). The 10\" range of yields here is probably

due to dry conditions during the short period of observation.
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Figure 58

STuRM RUNOFF AS A FU~£IION OF PRECIPITATION AT AMAX
1977 AND 1978
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Table~. Storm Yield as a Percent of Precipitation

storm yield, ,
watershed all data best data

EM-8 0 to 66 0 to 37

»tAX 0 to 96 0 to 70

streams· 5 to 90 ..,.._.-~

• Sevard , Xelson and'1SOWers J 1979 J p. 18.
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lnterflow fran the 91-8 \,atershed

StanD response of t~1e 91- 8 watershed is entirely intenlOW' generated

by lateral flow over impeding layers in the subsurface. All of the

types of impeding layers discussed in the conceptual J:IOdel could be

present in the stockpiles in the &1-8 watershed. and may contribute

to interflow. Direct surface runoff fra:s the stocq,iles is uro. .~

direct surface runoff generated owr the undisturbed portions of the

~..tershed is prevented fraa flowing iRaediately to the weir because

the 8,011 stockpile blocks the drainageway.

Timini ~ shaJ'! of stockpile stom peaks: Interflow peaks f1"Oll the

&l-8 watershed are broad and low (fi,. Z2. ar.d appendix lZ). The lUX"

iJm.D rate of flO" obsen"ed fra!l 1916 through 1978 ·45 S.:; cfs, in

AUlust of 1971. )tbst other peak f10-'5 for 1977 \\ere between 1 and 1. S

efs. Interfl~ from a sinale rain event generally persisted for 21t to

4 days (table Z2, and appendix lZ). The aent1e recession curve ('PI*'''

dix 7) is indicative of the high stora. capacity of the "'atershed.

Flow at the weir belan to rise a]a)st .iJGediately followinl the ouet

of rainfall (appendix 12). ~y hydrolraPhs from 197'7 sh.cJw a s:all

peak 1 to 6 hours after d.e centroid of the raL~ event (table 21).

ntis peak ..laY c..:ntain runoff from the bea\"er pond il:mediatel)- upstream

of the ..ir, or from particularly rapid flow pat.~ throueh t..ie S011

stockpile. 'nle principal p'ak. thoug.~t to represent st~kpile inter-

flow J occurred ZO to 32 hours after L~ centroid the rain event

(table Zl). nlis interval is referred to as lag time of the

(Gray, 19·0, p. 8.
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Timing of rain events and flow peaks at Bl-8, 1977

I
I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I

remarks

1545-1640 0.26"

12 June 79

.,

.·i

N
N
N
M
M 0245-0545 0.49"

29
20
~

M
N 0340-0500 0.16"
~I 0115-0300 0.42"
M
M
M .. 1510-1620 0.22"

31 daily data sho\\ 0.31"
total for JlIle 19; am-I
biguit)" in dates on ch

25.. U120-0345 1.11"
.J lZO..,OS30 1. ~O"

J ~8

,. .1

~I

N
S

24

aC'-Ol.."'1.ted for. Only

t~ to (hrs):

0 3
0 2
Z 5
0 5
0 4
0 :5
0 4
M ~t

N N
0 3
0 5
0 6
M N
0 N
0 2

0 M
0 3

0 :5
M ~

0 6
0

..
~

2 6
N M
M ~I

N :.I
M ),1
0 1
0 Ptl
0 4
2

"'

day may not

0.45
0.35
0.30
0.18
0.55
1.40
0.32
0.16
0.11
O.ZZ
0.13
0.. 78
0.13
0.34
0.72

0.5
1.2
2.7
1.0
7.8

11
1.8
1.9
7.5

13
13.5
4.0
0.33
7
0.67

duration amotmt
(hrs) (in)time

21 .--

date

J\I'\e 29 2240-2340 1.0 0.23
July :5 0120..1110 9.8 1.24

July 16 084S-1020 1.6 0.33
1145-1830 0.15 0.12

July 24 1730-1140 O.lS O.lS
Aug 20 0530-1010 4.1 0.43
Aua 2S 1450·1130 2.7 0.8
Aua 26 1300-1310 O.lS 0.13
Aua 26-21 1930.. 2020 0.8S 9.87

2020-0120 11 0.51
Aua

,., 1710..1800 0.85 1.27.1

Aua 30 1-150.. 2020 S.S 0.36
Aug 31 1020-1350 3.5 0.'*4
sept 2 0210-0340 2.5 0.20
sept 3 1900-2400 5 0.70

Table

JlIle 6
Jme S
June 16
June 17
JtIle 18
June 19
JtI1e 28

0400-0430
1130-1240

May 22 0100-0340
May 30 1540-1640
~~ 31 0245-1030
May 31-Jun 1 1450-0150
June 5 1450-1640

1940-2130
1250-2020
0340-1640
0115-1~45

1830-2230
1720-1740
1510-2210
0450-0530

}Jay 20

.~ll of tne pre;lpitation on a
~$cribeu e\*onts are listed
~-no.~u
~.t-ma;$Ked flows relat~d to other events
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Canparison of the behavior of the Bt-8 \,atershed with that of lIldisturbed

watersheds of similar size my il1tninate the effect of stockpiles on

streamflO\i patterns. Data from two small \iatershEJds .JJ\ t.he ~orth Shore

of Lake Superior were supplied by Kenneth Brooks. Dale Higgins and Ross

Wolford of the Forest Resources Department, University of ~tinnes~ta.

The watersheds, designated "Centre!" and "Oldtt
, cover 0."4 and 0.51 m2

respectively (\\olford, 1978, p. 1). Both are forested watersheds with

moderate slopes (average of non-bog area • 7\), and each has a central

ho& covering 5 to 10\ of the watershed (\\olford, 1978, p. 2). Soils

generally consist of an organic layer 10 to 15 C:l deep -over massi \te cia)",

so that runoff is in the form of interf1"" over the clay layer (Brooks.

pel's. Caml. 1919). Runoff pdaks fran these watersheds have been aJCh

higher than those fran 0"1-8,,. During 1971 the Control "''atershed had flows

as high as 23, Z6 and 110 efs, and the Old watershed flows as hiah as 14,

20 and 67 cis (tJolford, 1978, following pp. 25, BIO-Bl3). Lag times for

various stom events \-lere approxilnately 2 to 1 hours (Wolford, 1918,

following pp" ~S. 810-813, and data supplied by Hiuins, 1919).

Ccq>arison of these data with those from 5\1-8 euphasi:es the slow response

and low t broad peaks of the &1-8 watershed. ~ue..'l of this behavior llay be

intrinsic to stockpiles like those at Erie. Percolation through the

thick stockpile :Jaterial could be expected to lead to a slow re:o\palse.

:-iunerous flow paths throuah the heterogeneoUi piles and over impeding layers

probably tend to saear out the runoff peak. ...\nother factor contrihutlng

to low peaks is that a large proportion of th.a I"lIlOff ioes int.) storage.

pile, ther.1Selves, but e\·idence from the 3 ..atershed and froa the lit-

erature (.-\rr.stroug et al., 1971 J p. ~.s) indicates that 5t,ockpiles ':an
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MEAN DAILY FLOW AT OLD LOWER WATERSHED
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If runoff from a stoc~"pile is allo\"ed to flow unregulated into a receiving

stream, the tir.ring and shape of stann peaks from the stock-pile relative

to those from the receiving stream \iill have a strong effect on dilution

as a function of time. The tine of arrival of the stod."Pile peak at a

given point on a stream is strongly dependent on ,the location of Ule

pile withj~ the watershed (figure 61), and in general will not coincide

with the watershed peak. Even if the stockpile peak arrives at one poult

on the stream sys ter.l at the same time as the watershed peak, for points

upstream and do~nstream this will not be the case (figure 62). Dilution

of stockpile peak £lo\'/s varies as a function of the location of the stock-pile

relative to the pOlllt of obsel\ration. If the stockpile is L~ediately

adjacent to the observer (figure 63. point A) or at the most distant point

in the watershed (point C) dilution is luni.mi:0d and inpact is ma.xi':1i:ed.

If the stockpile is located such that its peak passes at the ~an-.e ti.::le as

the \\atershed peak (point Ii) dilution is f.lax:imized and impact is ::1ini.::11:eJ.

Because stockpiles l·espond .51o'''ly co~ared \\'ith n.atural ~·;a':ers:leJ.s, dilu·

tional \·.atersheds below a certain si:e \dll always peak before ~:.t2 stock ..

store significant volumes of groundwater.

The ~-8 watershed is not entire1>· stockpile J and some of its peculiar"

ities affect its stol,n response behavior. Stann runoff from the upper

half of the \\'atershed must seep through the SOlI pile before reachini

the weir. The de lay contributes to the slO\i response and 10\\' J broad peaks.

It is tDlknOMl whether an)' of the nmoff arrivin.g at the sUJl1) contri·

butes to the interflow peak at the weir J or ''t'hether all of i t mo\~es

through the 8011 stock-pile as baseflow. Storage ill surficial materials

in the wdisturbed part of the watershed, conbined \,'i th the dar.ming

effect of the SOlI stockpile, augments the baseflow from the ::tockpile

itself to an tDlknown degree.
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Fioure 62
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.DILUTION OF STOCKPILE RUNOFF~ A FUNCTION OF POSITION
OF OBSERVER ON THE STREAM
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FiQure 63

DILUTION OF STOCKPILE PEAK FLOWS AS A FUNCTION OF RELATtVE

TIMING OF S7QCKPILE PEAK ANQ WAT;RSHED P,AK
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pile, regardless of stock~ile location (fi~Jre 64).

Volume of interflow: Because the different paths ,-,rater May follow

through a stodl1ile affect the quallty, location, ~nd timi'lg of o!..'.t·

flow, the apportion."'aent of outflow amoh2 these paths is of interest.

Interflow was separated from baseflow by a standard ~thod normally

used to separate surface runoff interflo\~, and channel precipitation

as a group from baseflow (Viessman et aI, 1972, pp. 67 t 71-72). The

pre-storm recession cUr\~ (A in fi~~re 65) which represents base flmv,

ias extended to a point directly below the hydrograph peak (B). Base

flow was then assumed to increase exponentially (Q = a * 10bt) until

it comprised all of the flow (C). The tiJne at which interflo\\ declines

to zero (C) could not be chosen unarnbigiously, because the hydrograph peaks

tend to be broad and decline gradually. For rr.any peaks, t\\o estimates

were made. The first chose point C to be 1!:i days after the peak flow,

since a number of the hydrographs had an inflection point there. The

. second, larger estimate \ias made by extending interflow as far as seeraed

reasonable in each case.

Interflow has comprised up to 22% of the precipitation falling on the e·l-S

w'atershed during a given stonn. For the stoms analy:ed, inter£low has

ranged from 20 to 61% of the total yield for the entire watershed.

Since water flowing to the sump fron the upstre3f.l half of the B·l- 8

waters!led is ponded against the 8011 stoc~?ile and ~ust seep through it,

it r.tay not contribute to interflow . Calculated on the basis of the area

belOli the Slunp only, interf10w has amotmted to as r.lUdl as 54% of precip­

itation. The interflow volurne frequently exceeded the calculated total

yield from the area below the ,st..U:1p, which could indicate that the area

upstream of the sunp contributes to interflo..;. It could also indicate

that the area belO\\ the su:;tp, h'hich is al:!ost enti" -~ly 5 tock.-p lIe, c.)ntri'outes
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Figure 65
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a' h.i&her',~rcent yi.ld ~han the upstream area. Cl>servations made when

~, s1.llJ):.',area is punped in 1979 may resolve thi.s question •.

.. 160 ..
- : : .~, ~;,:_;\ ... '.;



I
I
I
t
I
I
I
I
I
t
I
I
II
~<

!

~'I
r"
~
f
t"

r
~<t

;"::1:',-,

i.i.:.·.·..·.;.·.:.·.;.·.··.·:;.·.·I.·'

~.L)·-, ", •

Base Flo\\' of the Erie \\'atersheds

During the dry sur:'lmer of 1976 stann 11.UlOff \,'as negligible J and the \~ater·

SlledS at Erie yielded aln~st entirely base flow from storage. Flow at

Er-I,-;) receded gradually from 0.26 cis in early July to 0.l~ cis in Septembe r J

then declmed to as low as 0.05 in late October and. early :\over.1ber. FlO',

at seep 3 receded from 0.15 to 0.03 cfs over the 5UiTIliier, h'hile $eeiJ 1 floh"s

went fror~ 0.06 to O. O-t cfs. Frequent stOl'TolS kept £10\-:5 i1igh during nuch

of the SWlner of 19ii. Flow at 9-1-8 receued to 0.18 cfs during a relatively

dry period in August. Flo\·:s at seep 3 a.."ld seep 1 at that time \'ie re U.16

and 0.016 cfs respectively. Juring 1978 base flows of the 1::.1- S \~atershed

oet\ieen storms \'iere typically around 0.3 cfs. Flow is zero at all three

seeps during the h-inter. TIlis is thought to be due not to lack of supply, but

to freezing conditions along the margins of the stockpiles. The effect

is to conserve \\'ater \..-hich later helps sustain 51..U!'rneT base flO\v"s.

h11en interflmo/ volumes \~ere subtracted from total storm yields of the EH-S

\iatershed for 197i, base flo\\' \~as found to range from 39 to SO ;>ercent

of stam yield. ~lost or all of the precipitation fal1in.& on the \.;atershed

upstrea~m of the 8011 stock~ile 2ay be forced to seep tllrough the SOIl pile

as base flow, accotmting in part for the fact that such a high proportion

of s tOIT.l yield goes into base £10\';. l-io'.,'ever t base flow in cfs/r;li 2 irOtl

seep 3 :las been as high as or higi'wr til3.l1 that fron i:':-j· S, defi~onst1"ating

that the sto~~"piles ther:-.selves llave jigni:Zicant storage.
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.:\1\ 3.ttet:lpt \··..as nade to separate base flo\~ Jerived from direct iniiltr:ltion

of rainfall into the SOlI pi Ie from that fl~'ing through the 8011 pile frOf.\

upstreac areas. TIle £0110\\'ing nethed \,'3$ used:

1. The total )"ield from a gi,ren storm \·;as calculated and
expressed as ln~~es of rainfall over the entire £1-8
\iatershed (Y).

2. The v'olume of interflow \-ias calculated anJ ex})ressed as
inches of rainfall over the area dO\..nstream ·)f the sump
(I) •

3. The volume of water "hi~\ infiltrated into tile 8011 pile
and t'nerged as base flow lias ~alculated J in inches, as
Y-1.

Step 1 assu:['~s that yield is unifonn over the entire \iatershed. \\'here-

as in reality stockl'iles probably yielJ more than t!le LU1disturbed

area. Step 2 assur.\es that all nmoff from al'eas upstrCaI:l of the sump

seeps through the 8011 stockpile as base f10\·... l1'lese assumptions proved

to be seriously liJni ting: the difference) Y- I. ,,"as frequently negative

and the non-negative results are thought not to be \ralid estimates of

~~e volun~ of direct infiltration.

Comparison of the base flo\o/ behavior of the 01-8 and seep 3 \·;atersheds

with that of undisturbed ~atersheds of similar size det~nstrates the

relatively high storage capaci ty of the stock-piles. The recession curve

of the ~1-3 \\"atershed (appendLx 7) is ::luch more gradual than those of t\..o

small \,"atersheds studied oy lliolford (1978) and Iiiggins (\'Tl tten COi:lI:1. J

1~-9) (appendLx S), ind.icating a greater 5t~r:lge capaci ty. ~ase £10'*,5

of 1978 3!ld fall of 1978, ~uld \.-ere bet\veen 0.01 and O.l);)l ,:fs in ·1.i~

oi magni tude lOt\'er titan thost: at 8-1- S ror ,:or:1p:lrable periods. ~ :olj:~~al
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on the basis of watershed area» the:' are also nore th"Ul an order of ltU'lS­

n i tude lo\\'er than seep 3 base flows.

?
Base flows (cfs,' mi"') at FJ.t· S and seep 3 during the dry per iOO frou July

through ~ovember of 1976 were nl'uch. better sustained than f10\';5 of three

large natural \.;atersheds in the region (figs. St 9 t 10 t 23 and 2i) showing

that the stock~ile watersheds have unusually high storage capacities.

Groun~water storage within the $tl)c~-piles has been asswned to occur pr,_­

~larily in a saturated :.one at the base of the piles. Some stol'age l:lar occur

in perch;,:--d saturated :ones 3t intenneuic.1te height3, but it seetas likely

that the bulk of the w'ater is at the base of the pile. rne 5'1-8 \·;atershed

also stores ~'ater in 'the sump and surficial r.laterial upstrear.l of the SOlI

stockpile. Probably' due to throughflO\~ from this area and perching '.iithin

the pile, the trrolsition bet"een interflo~ ~ld base flo~ is gradatior~al.

leading to a uniform recession curve \oJi tll no obvious inflection point l\hen

interflow ends.

Simplified models of groundwater flow within the SOlI 5tock~ile \\ere developed

to allo\t" such parameters as pe1T.1eability J saturated volume, flow veloci ty

and residence ti.!ae to be calculated. '1\..-0 one di..r:lensional steady state

analytical models \-ierf- ~ed to i'tode1 the f10\~'. Both assurne the stockpi:e

is lU1"i.erlain by an Lt;q)elueable base ("see Conceptual :'Iodel of Stock-pile

nydrologylf) . It is further aS~t.u:led th.at all flo\'i is paralle1 to :1 line

joining the center of the SUl~ '.,i th f:)1-9.
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In reality the sur.lp ~rea ..4,d the bOi ne.lr ~ are .JlXlUt ittet \\ hie t

whereas the broad. flat area under st(,)Ckpile feet

The model approxir.',,'ltes the 5i tuation shO\\n in figllr~ a by th,\t b or c.

'Iodel 1 (figure 67) assume:; one·dL-:lensiunal fl~' ()ver a hori:ontal base.

Plate.- 1 shows that the slope ot the base of the stockl'ile is vel)" gentle

(less th,:~n 1\). so this asslU~tioil is justified. ~1odel.2 ass~s plug

of constant depth over a slopirlg base (figure \)8). Details of the :nodels

are given in appendix 13. Table':3 stI'Xlari:es the input infomation U$cd.

in the r.1Ode1•

The t\.;o ooJels produced similar result~ (table 2.&). Perr.~abilitr is in the

range of 0.1 to l.v cm/sec. Such values are to\..'ard t~le upper enJ of thos~

generall>· obser\'ed for clean ~anJ.;) and i:1Lxtures of ~lean :,ands ~Uld gravels

(Todd, 1959, p. 53). EstL-nates of velocity and tra\·e1 tine vaIl" COl. ideI'­

ab1r becausL~ the '.,'idth and depth of flo~' and the pOTosi t)" are not knO\\n very

precisel)". It is likely that the h'idth of ilO\\ is closer to 1100 than to .too

feet. EliJ:tinating extrerae values on thi,j basis J average \"eloci ty estinates

range from "7 to 70 feet per day, giving travel tLr:1es of 1:"0 to 1:" days. These

figures a~e for travel time from tni~ sur.1p ~o the seep. iJirect infiltratio:l ,)f

rainfall on the stockvile into the sat~rated :one "ill have t"o effects

on residence tine. First, it increases the "'.lter tabl~ slope slightly

so that the velocit)' of flow is faster. For the dOll stock-pile, calculations

indicate this eifec· '.\,ill be 11inor. 3eccnd, direct infiltration is jist:'. .tc-d

over the enti re S.lturate<i :one, ~or.:e near t:le outl~t ~1d some nt:3r the inl~t.
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Table

B:

H:

h:

n:

Input values of variables for mode ls of groun~J-'

water flow through the 8011 stockpile

The distance from the sump to the seep as measured
on Erie \1 ining COl s "Map of ~ining Area 8" is
1200 feet.

The effective width of flow, as measured on the
same map, is between 400 and 1200 fe~t.

Steady state discharge was approximated as 0.12 cfs,
based on flow readings in late su~ner of 1976.

The elevation at the sump is 1493 feet, and that
at the seep is between 1488 and 1485 feet. The
difference in elevation, H, is 5 to 8 feet.

~2' the thickness of the saturated zone at ~-9,

was assumed to be zero.

~1 is the thickness of the saturated zone at the
s~~p side of the stockpile. It is roughly equal
to the depth of ponded water in the sump plus the
depth of compression of the peat below the stockpile.
A range of values from 4 to 12 feet was used.

h is the average depth of flow, and was taken to be
between 2 and 8 feet.

Porosity, n was assigned a value of 0.1 or 0.3.
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EM-9 Modell: Horizontal F1~': Penneabi1ity, Ve10ci t)', Travel Time

B 0 k k n = 0.3 n = 0.1
feet feet an/sec ft/day vave t vave t

ft/day days ft/day days

1100 4 .5 1420 23.5 51 70.5 17
1200 4 .46 1300 21.8 55 65.4 18
120') S .29 820 17.1 70 51.3 .., ...

'- 'I

1200 8 .11 310 10.4 115 31.2 38
1200 12 .05 140 7.23 166 21.7 5S
400 5 .88 2490 52.2 23 157 8

EM-9 ~1ode1 2: Plug Flow: Penneabi1ity, Velocity, Travel Time

B h k k n = 0.3 n = 0.1
feet feet Lili/t.L on/sec ft/day vave t vave t

ft/day days ft/day days

1200 4 5/1200 .18 520 7.2 16i 21.6 56
1200 4 8/1200 .11 320 i.2 167 21.6 56

400 4 5/1200 .55 1560 21.6 56 64.8 19
400 4 8/1200 .34 970 21.6 56 64.8 19

1200 2 5/1200 .37 1040 14.4 83 43.2 28
1200 2 8/1200 .23 650 14.4 83 43.2 28

400 2 5/1200 1.1 3110 43.2 28 130 9
400 2 8/1200 .69 1940 43.2 28 130 9

1200 8 8/1200 .06 160 3.6 333 10.8 111
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Table 24 Results of GroWldWlter ~Iodels of tj,c 8011 Stockpile
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conditions. Fe\\ data :ire available Gn the ::1C":enent of fine particl~sthr'')'':';sh

Penneabilities calculat~~ from the lJOOels of ground\iater ilow through

the SOIl pile are lower t~an ~ould be expected for u1e ~oarse stockyile

material J and so it is nrpothesi:ed that a layer .:;f the fin,e grained naterial

has developed at the base of the pile, serving to sustain satLlrated £10\\

Since 4 ~ 01 ~ 12, 400 ~ B ~ 1200 and ZL • 1200,

1.23 x 106 < V < 1.5 x 107 ft3

A reasonable single estL~teJ assuming 0 z 5 and B z 1200, is 4.8 x 106 ft3.

where VI is the volume of water from the sump and V2 the volune from

direct infiltration. The relative aIOOlUlts of these ~re unknO\\1l, but

in late 1976 tlle latter contribution is assumed to have been zero.

Saturated volume is given by

A steady state model of throughflow at seep 1 was developed, but recent

field work has .shokn that throughflow fran the marsh south....rest of the pile

cannot occur. The rodel is presented in apPendix 14 because it was used

as input in leaching computations. A steady state oodel of groundwater

:1w1Jnding in the absence oi throughflow was also de¥eloped (appendix 15).

The average residence time for this water is thus about lhd.f that of

the water coming from the suap. The corrected residence time is thus

approximated by
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a coarse r.'.a~~ * .A.A. Sheffer an--l r::....ans (1968, ~ 12) observed that solutions

percolating l..~,rough lead1 dur.tps tend to tT?l'lSport the finer particles to

tne voids bet ..een larger particles contributin& to set!" ,lent of the dur.'ps.

The verticle distance S~~ particles move is unknown. At Erie. silt} sand

and fine gravel sized gabbro has been fOWld on the snow bet\lli~n large

boulders at the base of the pile. deoonstratir that Sa:le fine material

does work its way to the bottan. Silt and sand sized oaterial moving out

of the piles at Minnar.'.a.x has clogged the flow r.leters on the discharge lines.

Layers !.;ithin the stock-piles t such as the top:; of intexnediate lifts at Erle,

may arrest the dO\l.TIh'ard oovement of tlte fine iraction. li.r.1iting the total

antowt that (:an reach t~1e botton.

•Properties of the fine grained layer were estioated for use in ana!y:ing the

leaching behavior of the saturated ~one. The estL'lates presented in table

25 are d~veloped in appendix 16.

The occurrence of a saturated zone at the base of a stockpile is dependent

on the penneabi1ity of the material bel"" the pile, as discussed in the con­

ceputal model. For a mound to £01":':1 in the absence of throughflow, the

rate of infiltration of water to the base of the pile nust exceed the rate

at which the 1-:aterial below..: the pile can car!)' it aWa)l. ...\ssming vertical

seepage under a hydraulic gradient of unity, the latter l"3te i" given by the

hydraulic conductivity. The assur.tption that h.a~i of ti:e r3.:i.:~:all in In

average y'eal" is lost to ,e"'·aporation, ar'.d that, a::> an :_l~,,;per .nit. tr.e re-

maining rainfall iniiltrates to w~e base of thet':"le :'i~tt'r:l,J\'" a J) ::.Yfs In
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Estim~ted properties of hypothesized fine g~~ined

layer at the base of the Erie stockpiles.

Thickness (meters) 0.3 to 5

porosity (% ) 6 to 12
..,

internal surface area (m"rockj;.IT) 530 to 12,000

surface area loading (m2rock/rn3 water) 4400 to 200,000

Table 25.
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Canparison of this value with hydraulic conductivities of 'ilP--:icial raaterials

in the Copper-:1ickel Study Area (taole 26) sn<Jhs that groun<f1..;ater mounds are

only expected to form in stockpiles sited on bedrock:. peat, or some Des :-toines

lobe till. These ma.erials cover about 30\ of the study area (Siegel and

Ericson, 1979). GroWldwater rounds are not expected to fonn in stoc}....piles

on outwash, Rainy Lobe till, or alluvium, which cover the other 70% of the area.

In these areas, water reaching the base of a stock.1li1e will seep into the

material below the pile, eventua11r reaching the local grot.LY\dwater systeu.



Table 26. Estima~ed hydrualic conductivities of surficial
materials in the Co~per-Nickel Study Area.

* from Siegel and Ericson, 1979, p. 31.
** Y = yes, ~ = no.

*** Assumes that peat compacted by the weight of a stockpile
will be essentially impermeable.

HYDRA tLIC EXPECTED TO SUPPORT
COND tI:TI VlTY* GROtNDWATER ~OtND

MATERIAL (ft/day) IN STOCKPILE**

Peat 10- 3 to 10-1 y***

Alluvium ] 01 to 10 3 . 5 N

Des :'o'loines lobe till 10- 2 to 10- 5 N,Y

G14~iofluvial deposits 101 to 10 3 . 5 N

Rainy lobe till 10- 2 to 101 • 5 N

Bedrock not estimated y
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The hydrology of waste piles of sulfide bearing gabbro was studied over

three field seasons in COJUlc(:tion with stuOl.es of leachate chemistry.

The full scale stockpiles at Erie Mining Company' s T'-~ka ~tine are

40 to 120 feet high, and cover areas of i.z to 7 acres.. Individual rock

fragments range L~ diameter from a few microns to four feet, \iith an

average dimreter of one to two f~et. The leaching test piles at tllC

~linn~~ site are 13 feet high and cover 3,000 feet2 (O.Oi ac) each.

ine piles are finer grained than those 1.t Erie J the maximum diameter 'being

t~iO feet. The grain size of the Erie piles is typical of open pit mined

material J while the Minnamax piles are more representative of underground

mined material.

TIle study J.rea has a continental cli-,ate with cold, dry winter~ and l ..-ann,

wet sumners. Average armual precipitation is Ze.S7" (at Babbitt). and

annual pan evaporation is 28.5" (Hoyt Lakes) (Watson, 1978). "Snowmelt is

the maj or source of runoff... From the spring peak flows, s treamflo\.;

recedes steadily through the sumner, reacting only temporarily to heavy

rainfall" (Gam, 1975, p. 18). Flow sometimes increases in OCtober and

~overaber due to decreased evapotranspiration. The annual minimum is usually

in FebruaI)· or March (Gam, 1975 t p. 18). Average annual nmoff is estL'i1ated

to be 10. 72" (,\j 38% of precipitation) (Siegel and Ericson t 1979).

A conceptual r.locel of stockpile hydrology \·;as developed on the basis of

field ObSel'yations J literature and basic hydrologic concepts. T:1e :~1ode 1

describes sources of \..;atcr input, £lov.; paths "ithin the stol...:'Pi1e and 10·

cations of output. Sources of hoater input are precipitation on the pile
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During the study period, the yield of stockpile watersheds at Erie exceeded

that of natural watersheds in the region. Runoff of the EM-8 \~atershed during

the 197i \.;ater year was 7 .. 8 inches, or 23% of precipitation, Nhile runoff

from nine gaged streams averaged 6.0 inches, or about 18% of precipitation.

TIle seep 3 watershe~ yielded 9.9 inc}les, or 4~% of precipitation, for the

period from ;\u~rust 1, 1976 to July 31, 1977, compared \~i th 3.'+ inches, or

15%, for natural \\·ater.sheds. The difference in yield betKeen the [-:1-{-3 aJ1.d

seep 3 \,atersheds is thought to be due to higher evaporative losses from

t:'.arshes and a pond in the 8·{- 3 '.\"atershetl J and possibly sor.le ui,gaged underflow.

and runoff from the surf~' ~~ of groundwater catclu-:lents draining to the stock­

pile site. ~l1ch of the precipitation falling on the pile is retained in

surface der....pssions or the near-surface portion uf the pile and eventually

evaporates. Some precipitation Jaay run off over the stockpile surface,

although the back-sloped edges, hi&h infiltrability, and depression storage

of the full scale stockpiles studied combined to prevent this. Water in­

filtrating into a stockpile will move through it along complex patlu\ays

since dtJapingl bulldo zing and compaction create discontinuous layers of

coarse and fine or loose and dense Daterial (Sheffer and Evans, 1968, p. 9;

11Oward, 1968, pp. 72-73). \vater will percolate down to an impeding layer,

flow laterally to the edge, then resume vertical percolation to the next

impeding layer (Annstrong, 1971, p. 21). Interflow reaches t..~e margin of

the pile at its base within a few days or less, and is discharged as a

stonn peak. Some water may be stored in saturated zones within the pile,

helping to sustain seepage from the margins of the pile during dry periods.

If the pile is sited on permeable Iilaterial, some '-later will also move

out of the pile vertically, eventually reaching the local grOlUldwater systec.
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Two factors appear to be res~~nsible for tile fact tllat stock~ile watersheds

yielded more runoff than natural watersheds. First, the stock~ile water­

sheds yielded ::lOre nmoff per unit area than the natural \·;atersheds durlng

th~ summer, indicating less susceptibility to evaporative losses. The

stockpiles are unvegetated, which elLl1inates transpiration losses, a.t'1d due

to their coarse texture they have a l~ited capacit)~ to retain water in

the n~ar surface active evaporation zone. Second, the stoch."Pi1es had higher

flows per unit area than natural watersheds during the fall of 1976, sug­

gesting that they are better able to $usta:n flow from storage during dry

peri~ds. Runoff from the Erie \.;atersheds durL'"1g an av"erage year is ex­

pected to exceed that of natural watersheds in the region, and will probably

be 40 to Sot or no~e of precipitation. The Erie watersheds are o~ly 52%

covered by stock~i1es, and runoff from "atersheds entirely covered by stock­

piles may be even higher.

Data from fl.1- 8 prov-ide the mos t complet~ information on the seasonal nmcff

patterns of stockpiles. Flow was :ero during the winter months, probably

due to formation of ice dams along the nargin of the 8011 stoclq)ile. At

all other tL"l1eS, flow was sustained continuously by .5ton:l events or dis-

charge from storage. Spring runoff was small in the one year of record (1977),

reflecting the 10\'; sno\\'fall and depleted 50il moisture. Sumner and fall dis­

charge varied l\'i th the nur:1b~r and size of rains tOl::1S; sto nn peaks ',.jere

numerous and overall flow hilt! L'1 the rainy 5UHi1er.:5 of 10:-:-- arld 1975:I :):_:t

in 1976, when rainfall \.."as negligiole, tlO\·"~ :eceeded :5 teJ.dil~~· fr'Jm July

through the "'inter. Rainfall patterns Juring t!~" stuJ,: perivd ~·,<erc '~U1usll~l,

so the observed seasonal flo~ pattelTl.S ::l::iy net be typic'J.l.
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PattenlS of rtUloff from the el-8 \·laterS:l<. . were sinlilar to those of natural

\iatersheds in the study area, \~hich suggests that nuloff patterns "turing

more t:l'ical periods may also be siJnilar. FIO\"s of natura1 \.;atersheds \vere

unusually lC\v during the \vinter of 1976-1977. Spring flows '{ere very Hludl

belo\i nOTrrW. in 1977. ..\nalogy suggests that spring £l~'s from s tocklilies

may be substantial in non~l years. Summer and fall flews of the natural

watersheds, like those at DI-S , \iere strongly dependent on rainfall.

In some sign~ ~Cicant re.spects the seasonal behavior of the E-t- 3 ~atershed

differed from that of the natural h'atersheds. Flows h'cre better ~ustained

from July through Sovember 19i6 at both BI-8 and seep 3, \.;hich suggests

that stock~iles are better able to st~tain fl~, frrnn storage during dly

periods. Flm.;s did not increase as soon or as much in spring, probably

due to persistence of cold temperatures L'1 the pile. This appears to allo\~

more of the spring melt to go into grolU1.dhater storage, helping to maintain

base flows later. Summer runoff \.,:as higher than. for natural watersheds, in­

dicating less susceptibility to evapora t i \'e losses.

:\either the Eric piles nor the .-\\IA.,( piles yielded any surface runoff. The

tops of the Erie piles, which are surfaced ~itil sandy till, have a ~~derately

~\'el1 Jev~lvped system of shallow channels (6 to lZ>l ,..ride and : or 2" deep)

Wilich lead surface flow to scattered depressions on the top of the pile.

This :iyste;-;: of:. ,:haf'Jlels and depre5sions ~eep ::lOSt of the rainfall on the

stockpile surfa:e long enoubh ~o h1filtrate or evaporate. :·!ost of the

peri.meter oft!.e pil;:,: 31cpes ba·:k tOh'ard th.t? ..:enter, keeping h'ater from

L1.IrJling off the _-=ldes. :'.hen: \·;ater Goes reach the ed.ge, it infiltrates

l.-:lJnediately into the coarse ru.bble on t:le sLie slop~s.



between' StOI1ilS.

from July through ~:over.1ber of 1976 \\ere better $ustained than flows of

sump a.~d surficial material upstream of tb.e SOIl 5!0ck.-pile. Si.!.:pli:ied

intcrtlo~•

S \>4':15 5.3 cis, and

enti

broad J 10\~ h)"drograph

:one at the base of the piles. The 31- S '.,'atershec 3130 stores \,'ater in t':e

Percolation through the stock.-piles r,k'-tterial helps Jela)' the arrival of run-

Storage L~ the stock-piles is t1,OUg:lt to o~\:ur pr:U:larily '~,i ti1in a sat~r~t.ed

three J...irger nat~ral v;atershed.s in the study area.

typical peak flows ,,'ere in the range of 1 to 1.5 cfs. By conparison.

two undisturbed h'atersheds of similar si:e on the ::orth Shore of Lake

the centroid of the rain event, compared "ith Z to .. hours for the undis-

turbed ;\atersheds. Such broad, 10\\ responses may be intrinsic to $to~lq)iles.

off J and the nunterous flow paths through the heterogeneous r:uss probably tends

in and near the study area. TI1e recession cur","e for the BI-S watershed is

to smear out the runoff peak. Interflo'.. has accowlted for only 20 to 61\

of the total yield from individual stonns. TIle rest of the runoff goes

into storage, reducing peak £10"'5 and helping sustain high base flows

Shore. Base flO\is at EM-3 and Seep 3 "Jere at least an order of magnitude

higher tha.ll those of the .\iorth Shore ",'atersheds during comparable periods.

Base flO\-;s of the 8'·'1- S and seep 3 \iatersheds during the extremely dry periocl.

much more gradual than those of h"olford' s (1978) \·;atersheds on the :~orth

TIl€' stockpiles at Erie have a higher storage ~apacity than natural \\atersile~

peaks. The mL,,<:imum ~law observed fl~orn 1976 through

Superior had flows of 23, :6, 110, 1~, 20 and 67 efs during 1977 (Wolford,

1978). The main peak: of EM-S hydrographs occurred :0 to 32 hours after

The storm response of all thr ~:ockpiles $tuui~:

Continuous flow r~cords for the GI.. S \\at~rshe<i
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~11 of~..teT flow throuah the 8011 stockpile yiolded an estimated

permeability of 0.1 to 1.0 t:lf1./sec. Flow velocity was calculated to be 7

to' 70 ftJday. living a travel time of 170 to 17 days. Formation of gTOUncl","ater

.... within stockpiles depends on tM presence of lOh· permeability material

\DSerlYina the piles.
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Recommendations for FUi'ther Studl

The following are thought to be useful areas for f..xrther 5 tud)':

1. Check for seepage from other stockpiles on the Iron Range. For

those with ... .,J _v.L face seepage. a few could be checked for evidence

of seepage to groundwater.

2. Pump the surrrp upstream of the 8011 stockpile to isol..tte the effects

of the stockpile from those of tile upstream watershed.

3. Establish continuous flow n~cords at seep 3 to provide a second, \iell

defined stockpile watershed.

4. Drill holes into one of the Erie stockpiles to check for intelnal

layering, perched \\ater table conditions, lateral £lO\i ov'er il:tpeding

beds, dry :ones and the thickness of the saturateu :one at ~ie base

of the ~)ile.

5. Perfonn travel time studies from the sump upstream of the SOlI pile

to the seep at Bf-9.

6. Establish vegetation on a hydrologically ~~ll characterized stockpile

and determine the effects on runoff behavior.

7. Collect better temperature data from g·f-9 and seep 3.

8. Make further comparisons of the ~I-e and seep 3 \,atershed~ "..ith :;,.,..111

natural watersheds in the study area.
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