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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 mining in northern Minnesota. Studies of
the hydrology of waste rock piles were undertaken along with the leaching

studies to help estimate 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 Sites 1

1. Erie Mining Company's Dunka Pit

The Dunka Pit (Erie %ﬁning Company Area 8) is located in the northwest
quarter of the Babbitt NE 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 Formation (N30E). The Biwabik
Iron Formation dips southeast underneath the basal mineralized zone of
the Duluth Gabbro 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 impermeable,
while the glacial material has low to inoderate yields (Siegel and Ericson,

1979).
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I"Much of the description 1s from Eger, Johrsen and Ottersen, 1977, pp. 2-12,
7, 99.




Figure 1. Erie Mining Company's Dunka Pit, 1977
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2.  Minnamax

AMAX, Inc. has completed a copper-nickel exploration shaft at the MMinnamax
site, four miles southwest of the bunka Pit. AMAX has constructed six
leaching and reclamation test piles at the site (figure 2). Each pile

is approximately 40 ft. x 82 ft. and contains 1700 to 2000 tons of lean
ore. Tne piles are on impervious liners, and all runoff is measured

and analyzed.
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Regional Climate and Hydrology

The Copper-Nickel Study Region has a continental climate with cold winter
and wvam surmers (Figure 3) (Watson, 1978, p. 1). Distinct wet and dry
seasons correlate with the warm and cold seasons (Fig. 4 and table 1);
roughly 70% of the annual precipitation falls in the six months between
mid-April and mid-October (Watson, p. 26). The period from June to

early September is characterized by convective storms, while frontal

stecrms dominate the period from late October through May (Watson, p. 11-14).
There is usually snow on the ground from mid October to mid May

(watson, 1978, Figs. 9.1 - 9.2). Precipitation data from Babbitt were
taken to represent precipitation in the Study Area. Babbitt is near the
niddle of the copper-nickel resource zone, and has a 56 year record which
correlates well with the longer record from Virginia and the record from
Hoyt Lakes, where pan evaporation data are also collected (Hickok, 1977,

P- 7). Average annaul precipitation ai Babbitt is 28.57" (for 56 years of
record adjusted by Watson on the basis of 83 years of record at Virginia).
The driest year of record had 16.4" of precipitation, and the wettest year,
37.36" (Watson, 1978, p. 353). Frequency analysis of the 56 years of record

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

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

precipitation. Monthly values are shown in table 1 and Figure 3.

Seasonal variations in streamflow have been described by Garn (1975, p. 18):

The pattern of runoff is typical of areas where snowmelt is the major

source of runoff, which is augmented by spring and surmer rainfall.

From the spring peak rlows, streamflow recedes steadily through the sumer,
reacting only terporarily to heavy rainfall. Streamflow stabilizes in

late sumner and fall, reaching a sumer low in late August or September. Streams
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Figure 4
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Table 1 :

MONTHLY AND ANNUAL PRECIPITATION, RUNOFF AND PAN EVAPORATION IN THE STUDY AREA

JAN. FEB. MAR. APR. MAY JUN. JUL. AUG. SEP. OCT. NOV. DEC. ANNUAL

0.92 0.79 1.15 1.92 2.87 3.86 4.09 3.8 3.74 2.43 1.84 1.11 28.57

3.2 2.8 4.0 6.7 10.0 13.5 14.3 13.5 13.1 8.5 6.4 3.9 100

.26 .22 .29 1.86 2.60 r.65 .90 .54 .77 .62 .61 .39 10.72

2.47 2.0 2.7317.3 24.2 15.4 8.38 S5.0¢ 7.16 5.81 5.66 3.66 100

-- -~ -- 2.95 4.41 5.43 6.34 5.00 2.83 1.57 -- -- 28.54

0 0 0 10.3 15.5 19.0 22.2 17.5 9.9 5.5 0 0 100

1 from Watson, 1978, Tuble 0.5

2 from sic,cl and Ericson, 1979, from preliminary draft

3 froum Watson, 1978, Tuble 7.2




' Figure 5
E AVERAGE MONTHLY PAN EVAPORATION AT HOYT LAKES
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occasionally exaib:t an increas~ in flow during October and
~ovember as evapotranspiration decreases. Streamflow recedes
slowly during tne late fall and winter, reaching an annual
minimm during Febraury and arch. Occasionally some of
the streams experience annual minimum flows during late
sumer or fall as a result of extended drv periods.
Annual peak flows across the Superior aticnal Forest most
commonly occur in April or (ly as a result of rapid melting
of the accumulated snowpack. However, annual pea. flows may
also occur during the swamer and fall from excessive rain.
Siegel and Ericson (1979, from preliminary draft) estimated the average
o]
arnual rnmoff for the study area to ve 0.79 cfs/mi® (10.72" or 38% of
precipitation). Runoff from individual streams ranged from &.17" to
11.37", Gam (1975, p.10) estimated the average yveild of the Superior
~ational Forest to be 12", wita a raage of 8 to 16" for individual
watersineds. The average yield for the St. Louis and Xawishiwi River
systems aas been estimated at 0.72 cfs/miZ (Bowers, 1977, p.27).
Table 1 and figure 6 show the average monthly distribution of streamflow
in the studly area. Sno.melt and spring rains in April, May and June
account for 56.9% of annual runoff (Siegel and Ericson, 1979, from
preliminary draft). Streamflow statistics are discussed in Siegel and

Ericson (1979), Brooks and White (1978) and Bowers (1977).




Figure 6

AVERAGE MONTHLY RUNOFF IN STUDY AREA
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Previous .iOra

Altaougi, muc, atteatioa aas been given to tae uydroiogy of coal mine spoils
and refuse and of tailing basins, very little work has been done with
coarse wastes from metallic sulfide ores. Tie work tiat is relevant comes
fro experience with dump leaching of low grade ores, and is confined

Jrimarily to rule-of-thwmb observations based on engineering practice.

T.ie paysical cnaracteristics of leacn dumps are similar to those of tie
stockpiles under study. Tihe run-of-mine material ranges up to several
feet in diameter, vut is mostly less than 2 feet, with many fine particles
(Sueffer and Evans, 1968, p.3). Dumps are generally constructed in lifts
50 to 100 feet nigh (Sueffer and Evans, 1968, p.8). Dumping and vulldozing
tend to create alternate layers of coarse and fine materials within tae
dumps (Sueffer snd cvans, 1568, p.18; Howard, 1968, pp.72-73). .Jeutron
logging vy Howard (1968, pp.72-73) also detected stratification related to
compaction by naul trucks, clayey zones, and iron precipitates devosited
iy leaca pouds on 1lifts suvsequently vuried., Porosities wituin the dumps

3TuGied oy .oward ranged from > to 93% (pp. 71 and 74).

Jeported infiltration rates for leaca dumps and waste rock piles are
typicaliy nign. Ia a study oy armmstroag et al. (1971, pp.7, 16), tritiated
water was adced to a lsach gond at an 2ffective rate of 0.3 iiches/hour.
Jurton, wifford and Hart {(1973) ran rainfall simulation tests on nin
503115 L Utan, uwsiag a maxiomm asplication rate of 3 inches per .our.

Taey opserved flial infiltration rates for aon-porous ijiecus and

Leac. dumps are engineerad to _revent surface rumiorf, s0 1o observations

of runeff rates or velumes are availaocle.
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The layering within Jumps causes lateral flow of water at intemmediate
depths within the pile. This has long been suspected to prevent optimal
contact of leach solutions and vemoval of metals (Sheffer and Evans,
1968, p. 18; lioward, 1968, p. 70). Neutrcn logging by lioward (p. 71) showed
wet, porous zones 10 to 25 feet thick over compacted layers and clayey
layers at the Chino dump. According to his data, the compacted and
clayey layers were saturated, but the porous zones, while containing more
water pei unit volume, were not fully saturated. Perched water :ones
were later confirmed with piezometers which showed saturated thickness

of at least 13 feet (Armstrong, 1971, p. 15). Amstrang (p. 21) followed
the path of water over perching beds with a tritium tracer: '"In the
unsaturated zone above the water table, leach water percolates downward
to a perching zone, flows laterally to the edge, and falls to the next

zone."

The result of lateral flow over the impeding layers and slow transmission
through them is that "'in some areas a significant portion of the dump
material is infrequently, or never, contacted by leach solutions'

(tloward, 1968, p. 73). The pyrite content of the dry zones is rougihly the
same as that in the unleached material, indicating that little or no
leaching has occurred (Howard, 1963, p. 73). Such dry zones would probably
be minor or non-existent in wastes deposited by conveyor (cf. Burton et. al.,

1978, p. 278).

Although some of the water apove semipermeable layers may nove as
saturated flow, scme apparently moves rapidly out of the pile as interflow.
Armstrong (p. 23) observed that the tritiated tracer moved at least 1000
feet and probably through the entire dump (8000 feet) within 24 hours of

introduction. Malouf and Prater (1962, p. 83} give times of travel fer




leacn solutions of 2 to 1l days, depending on dump height.

Jevelopment of saturated zones at tie base of stockpiles has been noted
for many types of materials (anderson and Youngstrom, 1973; Corbett,
1908; Good et al., 1970; Amstrong et al., 1971). Corbett (1368, p.16d)
foud tnat aquifers formed in cast overburden from coal mining stored
large volumes of precipitation, "materially reduc(ing) major flood
flows...and increas(ing) flows during extended dry periods..."

Jrilled wells at tie Chino nine sihowed saturated thicknesses of up to

dU feet in a leacn dump sited on impermeavle bedrock, with thicknesses
of 20 to 50 feet more common (Amstrong, 1971, p.17). Groundwater flow
followed the buried vedrock surface. Calculated flow velocities for the
tracer front in the saturated :zcne ranged from 10 to 21.6 feet/hour
(0.08> to U.18 c/sec) (pp.21 and 22). The tritium pulse spread througnh
tie entire dumap in 15 days, but the tail of the pulse did not arrive wuntil
41.3 days later (50.3 days total), indicating an average residence time
o tue order of 30 to 4U aays (armmstrong, p.23). Residence time
calculated as total volume of water in the dump divided by daily flow was
140 days (see appendix 2). This may relate to Armstrcng's observation
(p.25) that there appears to be a certain volume of fairly stagnant water
witain tae dump, vased on graduai dilution of the tritium over time.
Permeavilities calculated from velocity and potential gradient data

given oy Armstrong ranged from 200 to 1000 ft/day (J.d6 to 3.4 an/sec)

{see appendix 2).
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Field Methods
Precipitation

Erie: A standard rain gauge with accuracy of :0.01 inch was in
operation at Erie from July 30, 1976 to October 24, 1977, and from

May 1 to November 13, 1978, and was read approximately weekly. A
Friez recording rain gauge operated from July 30 to December 7, 1976,
March 9 to September 13, 1977 and May 1 to November 26, 1978. Daily
rainfall read from the chart was adjusted by a multiplication rfactor
so that the total rainfall for the week matched the total from the more
accurate standard gauge.

When the gauges were not on site or did not function correctly, precipi-
tation data were taken from Babbitt, six miles to the west. The pre-
ponderance of unevenly distributed convective stomms in summer, coupled
with variations due to rain gauge exposure, makes correlation of rainfall
data even between closely spaced stations tenuous (Watson, 1978, p. 12-14, 29).
Comparison of Babbitt data with data ccllected at Erie (table 2) indicates
that Babbitt data provide a fairly good estimate of annual precipitation
at Erie (8% error over 15 months), but are poor estimators for individual
months. Comparison of daily data shows that storms of roughly similar
magnitudes tend to occur on the same day or adjacent days at the two
staticns (appendix 3). When the reccrding gauge did not fumction

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

basis of AM\X data.




Taple : Comparison of Babbitt and Dunka precipitation data

Precipitation, Inches

Period Dunka Babbitt Ervor (%) *
Aug, 1976~ 31.53 28.97 8
Aug 1977

Aug, 1976 1.71 .59 65
Sep. 1.60 1.61 1
Oct. .30 1.32 340
Nov. .79 .24 70
Dec. .90 .66 217
Jan. 1977 .40 .52 30
Feb. .43 . 24 44
Mar. 1.60 1.70 6
Apr. 1.20 1.20 0
May 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.

Ppabbitt- FDunka

Error = 100 X ( )

PDunka




AMAX:  wuring 1977, precipitation at AMAN was measured with a standard
rain gauge (Science Associates, Lic. NWS Spec. 430.230) read each weekday.
In 1978, a recoraing gauge was added (Science Associates, Inc. WS Spec.
450.220). Tne standard gauge is used to determine tie amount of rainfall,
wille tie recording gauge gives tae time and duration of the event

{Eger et al., 1979, pp.16-17).
rlow Jata

grie: A continuous flow record was collected at K-8, (see Figure 1)

downstream of tie seep at Ed-9, from July 1 to October 25, 1976,

April 27 to Septemper 27, 1977 and April 28 to lctober 30, 1978. Data
consist of continuous stage measurcments taken on a Stevens Type F recorder
in a stilling well upstream of a 600 V=notch sharp crested weir. Stage
records were converted to flows by standard methods (Eger et al., 1979,
Pp.78-79). The rating curve was developec on the basis of periodic flow
measurements taken with a Pygmy meter. The meters have an accuracy of

-

+ 3 to 10% uader optimal conditions, but may seriously underestimate low

flows, especially in wide, shailow channels. The stilling well at ©M-8
tendea to remain frozen for some time after tie seep began to flow in
spring. Spring flows in 1977 were estimated using spot readings taken

wita tue Pygity neters. Since flows were lov througaout the region in

spring of 1977, the error in using tuis method was procably snall.

Flow data at seep 1 and seep 3 consist of individual readings taken

approximately every two weexs with a Fygny meter. 3ecause flows were

Sh @GO &9 65 G 08 G U8 A0 W N GW @G0 O O =

generally low,; they are aot likely to be highlv accurate,




AMAX:  The runoff from ull six field lcaching piles at AMX flows to a
sump wnici is hept at a constant level uy an automatically operating
Pemp. The discharge of the pump is measured DY a meter accurate to

+ 3%, Individual flow meters (Badger Recordall llodel 15) were installed
on the pipes leading from each pile in 1978. The meters give cumulative
volume readings. FL-1 was equipped with the meter in 1977. The meters
nave tended to cause bdackups during aigh flows and not operate during

low flows.

Silt and sand washing out of the piles sometimes clogs the meters. Details
of chaiges in tne paysical system and flow corrections which were made
in 1978 may oe found in Eger, Joinson and Hohenstein, 1973, pp.l7, 73-75,

78-79.
Groundwater uata

£rie:  Sixteen penetration test vorings were performed at the Dunka site
vy Braun cngineering Testing, and 2 inch diameter 36 inch plastic well
screens were installed in fourteen of tiae holes (Plate 1). The P

series wells were backfilled witih on-site soils. W series well points,
finisned in otaer tnan clean granular soils, were packed with Ottawa
Sand soove wnich a bentonite seal was provided. The W series wells were
sam:led periodically in 1976 and 1277 to monitor water guality and

grouwidwater levels.
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Precipitation, Cvaporation and Streamflow During the Study Period

1976-1977 was a period of aitomalous precipitation and streamflow,
Precipitation at Babbitt in 1976 was 17.17"', the second lowest of record
and a scant inch above the 100 year drougnt. Precipitation was below
normal for every month except January, March and June (fig. 7a). In 1977,
37.40" fell at Babrvitt, making it the second wettest year of record.

Most of the above-normal rainfall occurred during the period from !fay

tarougn Septerber, with an additional contribution in November (fig. 7a).

In 1978, precipitation was 28.15" which is near normal. Precipitation was
pelow normal for every monti except May, July and August. In June, rain-
fall was 1.53" beiow normal (40% of tie norm) while in May and July the
average monthly rainfalls were exceeded by 1.25" and 2.67" (44% and 065% of
tiie norms), respectively. Otnerwise, nmonthly rainfalls were within 1.0"

of tine norms.

Althougn evaporation was minimized in spring of 1576 by freezing
terperatures, evaporation from Jume througn September exceeded tae
average oy 5 incnes (figure 7a). Total evaporation for the year was
velow normal. Evaporation for 1977 was below normal for every nontn
except May, and for tne year as a whole (fig. 7a). June through
Septemver evaporation fell I inches velow nomal. According to 3ruce
Watson {pers. corm., 1479) evaporation correlates inversely with precipi-

tation in the stuay area.
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Evaporation for 1978 was below nomal in June and above normal during
July tiarougn September. The total for the yvear was below normal be-
cause of tae sinort period of record in 1978. Supplementing the data with
the average monthly evaporation for April, May and October leads to

estinates vetween 27.43" aid 31.953" wihich lie about the norm.

Figures 8 througii 11 show the montaly discharge of four wnregulated
streans in tae study area for 1376 and 1977. Streamflow was above normal
for tae first four nonths of 1976, but then fell well below normal from
olay of 1970 througn “ay or June of 1977. Rainfall was above average in
day and June of 1377, put minimal snowmelt combined with the extremely
depleted soil moisture to xeep runoff low. Punoff was much above

average from Septemper tarougi December of 1977.

For tae 1977 water year (Oct. '76-Sept. '77) precipitation was 117% of
normal, but outflow from nine gaged stations averaged 385 of normal
(taple 3. For most of these watersneds, 19770Y flows fell at or helow
tne 25tn percentile level; again, minimal snowmelt and the need to

repienisn soil moisture depleted in 1976 are primarily responsible.

Figures 1< and 13 show the montnly discharge for two of the zbove four
streams for 1978. wuuring tae first taree months of 1578, :stream<lows

+

gradually fell to near normal £rom tiae high levels in the last guarter of

O

3

s

i

gL

oy

1977, Tails was cue to tie below nurnal precipitation. During
July, flows were above noraal Tocuga precipitation was below normal in

.. - ) e et T e T ~ 1 LA P | : e semd Y g
S, Telst soll conditions due to t.e aiga rainfall iIn May and low

n e SRS b o > 1 e AT i 3 - - "3 . Eod B R .- . : PRI . !
avazorative losses in Jue lod to tie Liz: flows in Jwme. xiring Spril
. “x imys oy LI oy gvemeg o ey - . y N . 'S - *

tarouga (Y and ~ogusT Lrcugs septétwer tiere? weve o zatteras in tie

s

= P R Y . - inme s mngn g M g .. 1 s~ oom sy - s
TaOwW3d 2 L GWO Sliek.s, ‘_hf\vxqj At zﬁouylglbs«lpl‘vn. awt aigl SVEPIT ation

. .. . .
cmaiYe s DA S e e
D ke Aslved bl L& oUW L0 Tah 5.




Figure 7b

MONTHLY PRECIPITATION and PAN EVAPORATION,

1978
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-~ Average Monthiy Pan Evaporation, Hoyt Lakes
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Figure 9

MONTHLY FLOW OF THE EEAR ISLAND RIVER NEAR ELY

1976 and 1977
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Table 3. Comparison of 1977 Water Year with Annual Streamflow Statistics

Qave * Quve » Quve  # Qave Q977 #»

Stream average discharge 50th percentile 25th percentile 75th percentile 1977 water year 1977 water year
cfs cfs m

Second Ck nr

Aurora 22.4 19.0 16.1 27.4 15.6 .54

Partridge R. nr

Aurora 112 102 73.7 135 56.6 .35

St. lLouis R. nr

Aurora 230 218 168 270 111 .38

Kawishiwi R. nr Ely 223 216 167 259 94.5 .37

Isabella R, nr Isabella 272 246 187 331 193 .57

So. Kawishiwi R. nr Ely 419 362 236 596 236 --

bunka R. nr Babbitt 36.0 33.5 26.8 40.0 24.9 .47

Bear 1s. R. nr Ely 41.2 37.9 27.2 46.7 36.7 .54

Kawishiwi R. nr Winton 1019 883 599 1118 544 .46

Shagawa R. at Ely 86.6 83.4 45.5 107 41.0 .41

Average in cfsm .77 71 .52 .45

* All flows in cfs: Taken from Erickson, 1977,

Table: Statistic of monthly and annual discharges for gaging stations having 9 or more years of
streamflow records available (obtained by written commnication).

Copy very hard to rcad, so figures may not be correct.

*% pFrom unpublished prints of mean daily discharge provided by Erickson, 12 Oct. 1978
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Figure 13

AT

MONTHLY FLOW OF THE PARTRIDGE RIVER NEAR AURORA

978"

- 1978 FLOW .
-—= AVERAGE FLOW 156 mi
3 -
o
&
2
[ ]
2 —
» < I
AN [
o)
g 4
-
3
=
W ==
-
x
S
<
|--1
Ne ODeate
Avgiigbis
=X b--‘
i
' ] -~ !
i r—=1
Lo
: ]
- L
e Loy
[ B
o P
JIFIiMtAIMEgr gt At ST OINTDI IR IMIAIMI J1IJIALSIOINDLD
978 1979
1978 WY l 1979 Wy

« Adjusted for storage S diversion by U. S.G. S
- 30 -




Precipitation at the Study Sites

Precipitation data collected at the Dunka mine and at Minnamax are suma-
rized in table 4. Figures 14 and 15 campare the monthly data with average
values for Babbitt. Precipitation at Erie in 1976 was 18.05", using
Babbitt data for the first six months. Precipitation was 39.14" in 1977,
exceeding that of the 100 year wet year at Babbitt.

Rainfall at AMAX in 1977 was 32.36".

For both stations the general patterns are similar to those at Babbitt,
but the monthly values differ substantially (table 4).

Appendix 3 represents daily data for all three stations.




Table 4. Monthly and Annual Precipitation at Babbitt, Dunka and Amsx

Babbitt'l'gzghmka Babbitt ll%z' Amax Babbitt ﬁ% Amax

J 1.34 a.39l .52 40 (.52) .78 (.78) ( .78)

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

M 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 4.5  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
N 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  1.05

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)

TOTAL 17.17 18.05  37.46  39.14  32.86 28.15 27.28  21.10

Ipunka or AMAX data in parenthesis indicates Babbitt data.




PRECIPITATION IN INCHES

Figure 14a
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Figure 14b
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PRECIPITATION IN INCHES

Figure I4c¢
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Figure 15a
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Figure 15D
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Physical Characteristics of the Stockpiles

1. Erie

Field Description: The stockpiled rock at Erie is a heterogeneous mixture

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

- truck to the margin of the 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 srooth surface having the appearance of a sandy gravel.
Local borrow material, usually a gravelly sand till, is applied as a surfacing
layer about 6 inches thick and compacted to a hard surface by the 80 ton

haul trucks. On the side slopes of the piles, fragments 1 to 4 feet in
diameter predominate. Table 5 summarizes the material, tonnage, area and

height of the various stockpiles.

The nature of the materials underlying the piles will largely detemmine their
interaction with the local groundwater system. Plate 1 shows the original
topography of the site and the positions of the stockpiles. Plates 2 and 3
show Erie Mining Company's interpretation of the stratigraphy along two
sections near the piles as determined by borings. The materials underlying

the three large piles which generate seepage are of principal concern. Steep
subsurface topography indicates that the northwestern part of the 8011 stockpile
is on bedrock (figure 16). Six wells around the pile show that most of it

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

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

®jivisions among peat, granular glacial deposits and bedrock were taken directly
from the field logs by Braun Engineering Testing Company. Till was separated

from outwash using several types of infommation. Where samples were taken,
materials with an S-shaped, well-sorted particle size distribution were interpreted
to be ocutwash, and those with a straight-line, poorly sorted distribution were
interpreted tc be till (cf. Olcott and Siegel, 1978, pp. 9,13,14). Wwhere 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 alluvium.
Interpretations were checked by correlations among borings and by surface
topography .




Table 5 : Stockpile Data, Erie's Dunka Mine

Stockpile # Material ! Date Started 1 Tons 2 $ Gabbro 1 Area, ft23 1rea, w23
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,€13
8011 waste rock Dec. 1965 14,251,581 70 3,345,113 316,772
' 8013 waste rock Apr. 1967 7,969,236 70 2,739,538 254,512
P 8022 lean taconite Apr. 1968 211,318 0 204,638 19,012
' 8006 surface 0 2,158,705 200,551
8005 surface 0 228,292 21,209

linformation supplied by Erie Mining Company

»
2tonnage based on Erie Mining Company yardage records. 1 ydaw 2.4545 ton

3areas planimetered by Liang on Erie Mining Company's "Map of Mining Area 8%, 1" = 200°'
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end, beotween wells W23 and W24, Based on topography and field observation,
the 8014 pile is probably underlain by bedrock at the northwest and peat in
the central area.

Till and bedrock probably underlie the eastern portion. The mining company
blasted through a bedrock ridge when installing the seep 3 pipe

(Peterson, pers. comm., 1979). Northeast trending bedrock ridges underlie
the eastern margin of the 8013 pile in the vicinity of seep 1. Most of the
eastern part of the pile is probably on till or bedrock.

Porosity: The overall porosity of the stockpiles is estimated by Erie
Mining Co. to be 33%. Since the waste rock and lean ore have densities of
3 g/am3, the weight per cubic meter of bulk stockpile is 2 x 10% g or 2

metric tons.

Grain Size: Little information is available concerning the grain size
distribution of the stockpiles. The maximum diameter of the blasted rock
is roughly four feet, and mining company personnel have estimated that less
than 0.1% by weight of the material in the stockpiles is less than 2 mm in

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

Data on the grain size distribution of rock processed by cone crushers and
jaw crushers (Iwasaki, 1978; from Lapakko, 1979, 'Methods of Calculations"
PP- 1-2) are give in figure 18. Although they pertain to crushed rock
rather than blasted rock, they constitute the best information available.
The data were fit by Lapakko (1979) to a curve of the form

logP=alogd+hb

P = by*da, (b = 100)

where d is the diameter in microns and P is the percent by weight of

material of diameter d or smaller, Extrapclating this data to material with
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a maximm diameter of four feet (= 1.22 x 109 microns), the size distri-
bution equation is

P = 0,0127 ¢0-64
(Lapakko, 1979, 'Methods of Calculations'', p.4). This equation gives 1.65%
by weight less than 2 mm, over 10 times as much as estimated by Erie Mining

Coipany .

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 unit mass of
stockpile rock:
- 1 dz
S = (6*10%*a*v) o~ rq. d
1 -
. (6*10%0ab) 0" l(a-1)} (d,°"'-q,27])

-2 4(4)

where S is the specific surface area in m2/MT, g is the density of gabbro in
MT/m3, dy and d] are the maximm and minimum grain diameters in microns (um),

and a and bj are as defined above.

For the Erie stockpiles, the upper limit is fixed at 4 ft. (1.22 x 106 microns),
but the lower limit is unknown, and S does not converge for decreasing dj.
S for selected values of J, is given below:

d; Gm) S(m2/MT)
10 19§
100 83.4
1000 34.7
20000 26.4

2. AMAX
Field Description: The leach test piles at the Minnamax site are laid out as

shown in figure 19. Each pile is roughly 13 feet high and 3000 ft.2 in area at

the base (specifications in figure 20, field measurements in table 6). Piles 1 to
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Table 6. Leach pile data, Minnamax

Rock Vo%unez (ft.g) a
Sourcel Tmmpl Ft. Total Rock Hypalon Treatment
FL 1 Shaft 17¢0 28210 3195.5 3157 38.5 None, control
2 Shaft 1760 28210 3648 3493 155 top soil, reveg.
3 Shaft 1760 28210 3270 3240 39 Overburden, reveg.
4 Shaft 1760 28210 3531 2993 538 None, control
5 Drift 1951 31270 3669 3530 109 Overburden, reveg.
0 Drift 1672 26800 3515 3177 338 None, control
TOrAL 20830 19590 1240

1) letter, Thomas M. llargy, AMAX, Feb. 22, 1978,
2) Based an 16.03 ft3/ton.
3} Field measurements by Bruce Johnson. AMAX estimate was 4250 ftZ/pile.

Area calculations by Paul Eger as of 8-24-78. For revised estimates see Eger, Johnson
and Hohenstein, 1979,

4) Eger, 1978.




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

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 S to 6 inch perforated sewer pipe placed in
the lower end of the sand pad. Test material was then loaded onto the hypalon
and contoured with a small bulldozer. Examination of the hypalon after large
rocks had been dumped on it did not show any rips, tears, or punctures. The
sand is contoured to provide a 1lip around the pile and the hypalon extends over
this lip and is weighted down. All of the piles drain to a central sump.

Piles 1 through 4 were constructed in April of 1977, piles 5 and 6 in
September 77. In spring of 1978, selected piles were covered with various top

dressings and revegetated to test possible reclamation measures (see Table 6).

Piles 1 and 3 have a southern exposure, which may affect their response to
rain events.

Porosity: The bulk porosity of in-place samples was estimated to be 1/3,
based on estimates by the Technical Assessment Group of the Copper-Nickel Study.

Grain Size: A grain size analysis of material in the leach piles at Amax is
given in Figure 21. Regression of log P on log d for the shaft round data
(the size breakdown of component a) gives:

P = 0.0413 40-585
Since only three data points are known, the grain size distribution based on
crusher data is thought to be more reliable, and the three components of the
test piles were fit with the following three equations:

- sz -




Fig. 21 : Grain Size Distribution of Minnamax Leach Test Piles*

blasted m 75‘( ) il 1684 <1°
]

m m d < 6.
lm d < 2 ﬂ.
Primary crusher 902 to pile > d <1.5°
(b)
10%
v
Secondary crusher 95% to pile » d < 3/8"°
fx (¢)
To assay

* data from Sturgis, pers. comm., 1978




a) P =0.01984 40.64
b) P = 0.117 40.64
c) P = 0.2841 40.64
The surface area in M2/MT for each cm%iz :
a) S, = -7.0554 x 102 4 -0.36 é

34-03 P

b) Sp = -4.160 x 105 d 0. i
s dl.m C

.- -0.36 !

c) S, = -1.000 x 104 d 4

And combined in the appropriate ratio of (.75): (.225): (.0238), they give
a total surface area per metric ton of test pad of:
S¢ = -34.253 + 1705.6 d; "0.36
For ¢ = 10 microns, S, = 710.3m’/M. For d) = 1000 microns, Sy = 107.6m%/MT.

Use of the grain size distribution based on the 3 shaft round data points gives
S¢ = 940 m¢/MT for dj = 10 microns, and
S¢ = 115.9 me/MI for dj = 1000 microns.
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Stockpile Runoff

1. Erie. During the study no surface runoff from the stockpiles at
Erie was observed. Seeps emerge at the base of the piies 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 subpile topography.
There are other less pronounced lows in the original topogr: phy from
which seepage was not observed (Plate 1). In 1975 Erie i stalled a
non-perforated 14 inch diameter steel tailing pipe in an effort to
reduce leaching (Stanhope, pers. comm, 1978). The pipe was then
covered with a pad of blasted waste rock. The area from EM-9 to
EM-8 was ditched for drainage in Summer, 1975S.

The continuous flow data from EM-8 provide the best picture of stockpile
seepage (figure 22). Flow declined steadily from July through November
of 1976. Rainstorms were few and small, and provoked only minor
increases in flow. Flow stopped completely in late November of 1976
and did not resume until late March of 1977. A sharp peak apparently
related to snowmelt occurred in mid-April. Throughout 1977 the seep
clearly responded to significant rain events, reaching peak flow about
one day after the rain. Between storm events, flow was sustained at a
lesser level. Figure 23 shows monthly discharges for EM-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 1977, and again indicated the overall higher flows and marked
peak flows for 1977.

The pattern of flow in 1978 was similar to that in 1977, with clear
response to rain events. Summer flow was higher in 1978 than in 1977,

though precipitation was lower (Figs. 23a and 23b). Depleted storage
and a large soil moisture deficit at the start of the 13977 season
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PRECIPITATION AND FLOW AT EM-—-8, 1978
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probably account for this.

Seeps 1 and 3 appeared to follow a pattern of flow similar to that

at EM-8, based on spot readings of discharge (figs. 25 and 26). Flow
declined from July through November of 1976. Flows at seep 1 appearesd

to decline less sharply than those at seep 3 or EM-8, but this may

be due to limited precision with the flow meter for flows below 0.1 cfs.
Flow stopped over the winter and resumed at a low rate in late March

of 1977. 1In the summer of 1977 all three seeps responded to the increase

in rainfall with higher flows.

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

EM-8 varied considerably (table 7). The ratio of monthly flow at seep
3 to that at EM-8 varied from 0.05 to 0.68, with typical values near
0.5. The ratio of their watershed areas is 0.Z. The ratio of monthly
flow at seep 1 to that at EM-8 varied fr -~ 0.11 to 1.0. Typical
values in 1976 were near 0.45, while typical values in 1977 were near
0.16. The ratio of the areas of the seep 1 watershed to the EM-8 water-
shed is in the range of 0.03 to 0.15., 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-8 watershed may flow out under the gage.

2, AMAX. No surface runcoff has been observed from the field leaching
piles at AMAX. Water drains from the bottoms of the piles via perfor-

ated sewer pipes.

Sump discharge records show a sharp response to storm events (figs.
28 and 29). Between storms, flow drops off more rapidly than at Erie

and frequently declines to cero. Comparison of monthly flows for the

abe atn ae cbs atn chn atn oo co o 0 o @ o o S 9 ©» D>




Figure 25
PRECIPITATION AND SEEP DISCHARGE AT ERIE'S DUKA MINE
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Figure 26

PRECIPITATION AND SEEP DISCHARGES AT ERIE'S DUNKA MINE
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Tabhle 7.

1976

1977

E+ie.

0.198
0.147
0.124
0.100
0.032
0

DZOWNI

0.0068
0.13
0.088
0.61
0.47
0.49
0.76
nd
nd
nd

DZONPLGEP R TG

Seep 3

nd
0.10
0.061
0.048
0.0017

0.0035%
0.0077
0.020
0.25
0.22

nd

nd

nd

nd

nd

nd = not determined

Comparison of monthly flows of stockpile seepages at

Average flow, cfs

Seep 1

nd
0.06
0.059
0.045
0.032
0.0045

0.0034
0.021
0.016
0.070
0.084

nd

nd

nd

nd

nd
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Figure 28
PRECIPITATION AND DISCHARGE AT FL -1, 1977
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Figure 29

DA'LY PRECIPITATION AND SUMP DISCHARGE AT AMAX, 1978
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Amax sump (figure 30) and EM-8 in 1978 (fig. 23) shows that the Amax
piles yielded more water per unit area from May through August, but

less in September and October. This is indicative of the rapid response
and lsck of significant storage of the Amax piles.




Figure 30

PRECIPITATION AND SUMP DISCHARGE AT AMAX
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Seep Temperature

Temperatures at all three seeps stayed below 34°C in July
through November of 1976, with temperatures generally between

0.5 and 2.5°C (fig. 31). Temperature data from the weir at

EM-8 show that considerable warming occurred between the seep

at EM-® and the weir during July and August.

In 1977 temperatures covered a wider range (fig. 32). The temp-
erature at seep 1 was bclow zero in late March and early April,
but rose to 5°C by mid May and remained there thisugh August,
following a pattern roughly parallel to air temperatures. Seep

3 displayed the opposite pattern, with high temperatures in April
and early May and lower temperatures from late May through August.

Temperatures there appear to be lagging behind the seasonal sur-

oCseeswe

face temperature wave. This may indicate that the water in the
8014 stockpile has a residence time of several months. It could
also indicate that seasonal variations in the temperature of

the rock material at deptn within the pile lag behind surface
variations, and that the rocks then cool or heat the water flowing
over them. That the stockpiles act as a thermal reservoir is
supported by field observations. A cool bree:e emanates from the
base of the piles in summer (Eger, pers. Comm, 1979]. Snow

cover does not develop on some areas of the stockpile surfaices in
winter, and vapor rises ocut of the piles in these aresas (Pe’erson,
pers. comm, 13783. It i3 not clear why seep 3 shows a temperature

lag while seep 1 does not.

No temperature data were taken at EM-9 im 1977. The data from EM-3

- are dominated by the effects of heating and cooling in the 2001 and

;*ﬁeﬁ behind the weir.




Figure 3!
SECP _ DISCHARGE _TEMPERATURES

1976




—

1977

Figure 32
SEEP DISCHARGE TEMPERATURES

L

SEEP 3

SEEP |

5

3 w

(ri90)  JUNIVHIINGL

MAY




Growndwater Levels and Groundwater Chemistry Around the 8011 Stockpile:

Figure 35 shows the water levels in the wells around the 801l stockpile
over the course of the study period. For three of the wells, water levels
were considerably higher in the spring of 1976 than at any other time in
the period. Water levels in all wells declined through spring and summer,
then increased slightly through fall and winter and into spring of 1977.
Levels dropped again in the sumaer of 1977 but recovered in the fall. The
typical water levels for the period may have been somewhat lcwer than normal.
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

1% months behind major trends in the cumulative departure from mean monthly
precipitation” from 1975 through spring of 1978. Most 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 34-38) suggest that the groundwater in the surficial
materials dJoes not extend up into the stockpile. Water table elevations
shown in the cross sections are from March 17, 1976, when w-ter levels were
generally at their highest. !lowever, the cross sections show the original
topography velow the 3011 pile, while ir fact the peat layer has probably
been compressed by the weight of the overlying material. Loading at the

i 2 . .
the pile is calculated to be about 1 x 10% 1b/£t=, which could

e,

nase 2

cause a 30 te 30 percent reducticn in thickness of the peat, hasad on
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examples of peat compressibility given by MacFarlane (1965, pp.108-114).

Compression 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 (llacFarlane, p. 108), which may form

an effective barrier to vertical water movement.

Piezometers were installed at wells 24 and 27 to determine the vertical
component of groundwater flow near the stockpile. Flow is downward at W24,
suggesting 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 samples from the wells around the 8011 stockpile were collected periocd-
ically during the last half of 1976 and the first half of 1977. Some of

the wells were sampled eight times while others were sampled fewer times.
Not all samples were analyzed for all parameters.

The sumary statistics (table 8) show that water from all of the wells except
W24 is a bicarbonate type, and is typical of groundwater in surficial aquifers
in the region. Copper concentrations (figure 41) are generaliy above J micro-
grans/liter, as is to be expected near the mineralized zone (Siegel and Ericson,
1979, p. 71), but nickel concentration in wells other than W24 are below

the 5 micro-grams/liter expected near the mineralized zone (figure 42).

Well 24 shows anomalcusly hign concentraticns of sulfate, copper, nickel and
calcium, and appears to be intercepting leachate from the 8011 stockpile
(figures 41-44). None of the other vells shows any indication of interaction
with stockpile seepage. A small area of the 8011 stockpile near Wl4 lies
directly on till. This probably allows water to seep from the stockpile

into the local groundwater system, and thence to WIl4. It is also possible
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Figure 4 '
COPPER CONCENTRATION IN WELLS ARQUND THE 80!l STOCKPILE,
IN_STOCKPILE SEEPAGE AND SURFICIAL AQUIFERS IN _THE REGI!ON
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Figg re 42

' NICKEL CONCENTRATIONS IN WELLS AROUND THE 801l STOCKPILE
a IN STOCKPILE SEEPAGE AND SURFICIAL AGUIFERS IN THE REGION
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Figure 34
CALCIUM CONCENTRATIONS IN_WELLS AROUND THE 80N STOCKPILE,

IN_STOCKPILF SEEPAGE AND_SURFICIAL AQUIFERS IN THE REG'ON
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that water seeps out of the stuckpile at the ground surface and then moves
down through the peat to W24. Differences in water quality among the other
wells are minor by comparison, and may be due to differences in the materials
in which the wells are finished. Wells W25, W26, and W27 have higher

values of nH, specific conductance, cslcium and magnesium than W23, although
sulfate, nickel and copper are the same or lower. Siegel and Ericson

(1979, p. 62) found that concentrations of the major ions, specific conduc-
tance and hardness in water from 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 size and lower hydraulic conductivity in the till, which
provide a larger specific surface area and longer residence time. (Siegel
and Ericson, 1979, p. 65). Although W23, W26 and W27 are all finished in
outwash, the outwash in W26 and W27 is considerably finer grained than

that in W23 (appendix 4). Well 25 is finished in till which is actually
coarser than the outwash in W23, but poor sorting may give it a lower
‘hydraulic conductivity.

Concentrations of sulfate, calcium, nickel and copper in W24 followed a
well defined seasonal variation (fig. 46). Sulfate and calcium levels
fell through late autum of 1976, were low through the winter, and rose
rapidly in early April. Copper and nickel followed similar patterns,

axcept for an increase from October through mid December of 1976.

These variations parallel changes in flow at EM-8: flow declined through
fall of 1976, dropped to zero over the winter, and resumed sharply in early

April.

Quality changes at W23 and W25 were smaller and the four parameters did not

follow a consistent pattern (figs. 45 and 47).
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ANALYSIS

Conceptual Model of Stockpile Hydrology

A conceptual model of stockpile 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 model is used as a framework for interpreting
observations at Erie and AMAX. The interpretations are thought to be the best
explanation of stockpile behavior based on present data, although some alternative
interpretations are also discussed. Further data are needed to verify the

model or evaluate alternatives.

Development of a conceptual model serves two purposes. First, if stockpile
hydrology can be ielated to climate, stockpile characteristics and site charac-
teristics, then stockpile 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 from surface

or groundwater catchments draining to the stockpile site. Precipitation falling
cit the pile can either run off over the surface or infiltrate intc the pile.
Much of the water which infiltrates is subsequently lost to evaporation. Water
moving down through the pile may run laterally over impeding layers and emerge
alung the margin of ﬁhe 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, water will also move

out of the pile vertically, eventually reaching the local groundwater system.

Interflow, baseflow and vertical seepage derived from p—ecipitation on the pile




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

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

Surface Runoff Surface runoff can occur only when rain intensity exceeds the in-

filtration rate for the material at the tbp of the pile. Soil infiltrability depends
on the texture, structure and uniformity of the soil profile, as well as on the time
since onset of rain and the initial wetness of the soil (Hillel, 1971, pp. 132, 152-153).
For an unsurfaced stockpile, the major factors affecting infiltrability are the grain
size distribution of the waste and the extent to which dumping, 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 (i!illel, 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 must be a vapor
pressure gradient between the body and the atmosphere, maintained by transporting the
vapor away by diffusion or convection, and 3) There must be "a 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 to Rrady, ''Soil physicists are agreed that the depth to which soils may

be depleted by capillarity and evaporation is far short of the four, five or even more
feet sometimes postulated" (1974, p. 207). Stockpile materials will generally be
consiusrably coarser than most soils, so that capillary pores are few and discentinuous.
Hence, it is hypothesized that evaporative losses occur only from the cuter portions of

the pile. In situ evaporaticn at depth followed by movement of water out of the s0il
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Figure 48

FLOW PATH WITHIN STOCKPILES
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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 situ evaporation. In addition, vapor
pressure gradients slope from warm areas to ccld (Hillel, 1971, p. 197}, so that
diffusion would tend to move wa}ter vapor into, rather than out of, the piles. Con-

vection of moist air out of the pile may remove some 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 awcunt 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 layers (Hillel, 1971, pp. 164-165). Coarse textured

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

1971, p. 164); stockpile material may have a lower retention capacity. Since impeding

layers increase field capacity, layering created by placing cover material or by grading
may increase the field capacity of stockpiles. Retention within the soil profile
can be augmented 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, thickiess 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 will not be

important. Vegetation could significantly increase evaporative losses by effectively

increasing the depth from which water can b2 drawn, increasing the total conductive

ability of the material, and exposing more surfaces to radiation and wind.




Interflow ‘''Water infiltrating the soil surface and moving laterally through the
upper horizons of the soil until it returns to the surface at some point downslope ....

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

porous surface layers are underlain by relatively impervious strata'" (Gray, 1970, p. 4.4).

Interflow occurs when the rate of supply of water to some layer in the subsurface exceeds

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

could include:

---- surfacing material spread on intermediate lifts and then compacted by haul trucks,

---- relatively fine grained, compacted layers of rock created by grading the tops of
lifts,

---- stratification created as the rock is dumped,

~-~- layers created by fine grained material which works its way to the base of the
pile and fills voids between larger fragments, and

---- the native 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 likeiihood of interflow cver lower layers.

Base flow and seepage to groundwater Water can be supplied to the lower parts of a

stockpile by infiltration, by flow of surface water or groundwater from catchment areas,
or by a combination of these sources. Watur arriving at the bottom of the pile can

run off laterally as interflow, seep directly into the materials below the pile and
eventually enter the groundwater system, Or create a saturated zoe within the pile
which either discharges as base flow at the margin of the pile, seeps into the ground-
water below the piie, or both. Factors governing production of interflcw have already
been discussed. Unless the material below the pile is impermeable, some of the water
reaching the base of the pile will seep into the groundwater system. The amount may

be controlled by the available supply of water or by permeability and pre-existing




groundwater levels within the material below the pile. Development of a saturated
zone vithin the pile, however, will only occur in some circumstances.

a) If the pile is sited so that catchment contributions are zero, the conditions
required for development of a saturated zone at the bottom of the pile are:

-- that 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
precinitation minus evaporation, surface runoff and interflow. The ability of the
material below the pile to carry away water depends on its permeability (K;). If the
permeability is greater than the rate of supply of water to the base of the pile (Ns),
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 mairgins (figure 49a).

If K < Ns, the subpile material will not be able to carry 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 intermediate heights within the stockpile may
cause a non-uniform distribution of infiltration to the base of the pile. This could
allow saturated areas to exist locally at the base of the pile, even though the average

race of supply of water were less than the permeability of the material below the pile.

Given an adequate supply of water, saturated conditions can be maintained within a
stockpile in two ways.
1) The pile may have a permmeability lcw enough to sustain saturated potential flow.

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

flow toward the discharge point in discrete channels, and no saturated zone will




Figure 49
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form.

2) Even if the pile is coarse, materials of low permeability surrounding it may

dam flow from the pile, causing pooling of water (fig. 49).

Perched groundwater mounds could develop on top of impeding layers at intermediate
heights within the pile if the rate of supply of water to the layer exceeded the
permmeability of the layer, and the material above the layer were of low enough per-
meability to sustain saturated flow (fig. 49f).

b) Groundwater could flow into the stockpile 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 permeability 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 damming of stockpile outlets causes pooling. In areas
with a shallow water table, a pile constructed on compressible materials may settle

below the level of intersecticn with the water table (fig. S51), allowing groundwater

to move into it. Some of the groundwater moving through the pile could be discharged
from the margin of the pile as base flow, while same remains within the groundwater
flow system.

¢) If a stockpile blocks a surface drainageway, scme of the runoff from the upstream 1
watershed will move into the pile, while some may infiltrate into the surficial material !
upstream of the pile (figure 52). Once in the pile, water may either move through to

the downstream side or seep out the base of the pile. The distribution of catchment

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

below it, the volume of runoff, and whether or not the material below the pile is

already saturated. Some exarples are given in figure 52. Again, formation of a
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Figure 51

SATURATED ZOMS WITHIN STCCKPILE PILED ON COMPRESSIBLE
MATERIAL IN AN AREA WITH A HiGH WATER TABLE
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Figure 52

DEVELOPMENT OF SATURATED ZONE DUE TO
SURFACE RUNOFF FROM CATCAMENT AREAS
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Figure 52 (cont.)
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saturated zone within the stockpile due to surface runoff from catchment areas requires

either that the pile material be fine enough to sustain groundwater flow, or that

less permeable materials around the pile dam the flow, 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;

2) site topography, which detemmines the surface catchment of the pile and affects
the possibilities for pooling of water within the pile; and

3) the permeability of site materials and original water tablz elevation, which
control groundwater flow into and out of the pile and affect possibilities for
pooling.

Environmental significance of flow paths Differences among flow paths within stockpiles

may affect the release of metals from stockpiles or impact of a given release. Release
of metals from the pile may be limited by the availability of water for transport, so
that the total water halance of the pile is important. Physical differences among
flow patns which may affect the types and rates of chemical reactions occurring include
gabbro surface area contacted, contact time, oxygen availability, terperature and wet/
dry cycling (Lapakko, 1979). Leachate discharged to surface water has an irmediate
opportunity to affect aquatic organisms. These organisms may be arffected in a different
way by the short, sharp pulses of toxicants associated with interflow peaks than by the
more uniform concentrations associated with base flow. Leachate released into the
local groundwater system may nove 1 considerable distance {tuce; before Jdischarge to
surface water or to a water weil. Toxicants released to grounduater are mwore Jdifricult
to follow and collect, but the large absorbing surface area and anaerobic conditions

in the saturated :zcne nay limit transport. The significance df these releases also

Jepends on the relative amounts of use 0of surface and groundwater rescurces.

e,

The environrentally significant properties of Ilow patis withun stockpiles are suarized

in table 3.
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Table 9 Environmentally significant properties of flow paths in stockpiles

flow path gubbro surface
area contacted

- B TR D A R 3 TS R

surface runoff small

interflow farge
4
P
ey
w
ibase flow large to

very large

seepagy into large
material bol.w
m 1o

L T T . T e

-

time distripution

BB e B W o

- it ir 1 f
time in contact oxygen temperature wetldry focation o
with gabbro availability cvling output of output
very short high variable yes surface water short,sharp peaks
short high variable yes surface water short, sharp peaks
iong restricted, low limited, surface water steady flow over
depends on wet/ depends on long periods
dry cyling fluctuations of
water table
1 1 1 1 groundwater 1

1 If the Jower part of the pile is unsaturated, water seeping out of the pile will have undergone conditions
in the pile similar to those for interflow, while if the lower part is saturated, seepage into the

waterial below the pile will have underpgone conditions like those for base flow.




Stockyile Water Balance

Water transports the products cof 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 treatment,
whether it involves diluting the discharge in natural streamflows,

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.

A geseral water balance equation js:

P = precipitation
E = evaporation

P=E+ RO+ CW~ s RO = runoff
GW = ground water
(input = output + change in storage) S = storage

The gaged runoff at the outlet of the watershed is given by RO. The
term GW can be either positive or negative. I[If positive, it denotes
water percolating into the groundwater system and emerging downstream
of the gaging point (underflow). If negative, it represents ground-

water which flows into the watershed across surface drainage divide.

Changes in storage ( s) can occur in lakes, reserveoirs, or groundwater,

but for the stockpile watersheds only groundwater storage need be consi-

dered.

Any of these quantities can also be expressed as wat:r depth times
area, e.g2., P=p x A, E= e .x A. If the data permit, it is Jes:ireihle
to separate evaporative and runoff losses from stockpiles and those
from non-stockpile areas, e.3.,
E=E; » By = e x Ay ¢ ey X A,

since evaporation and runcff coefficients or the tuo areas ire liselw

to differ.



1. VWater balances for Erie stockpiles

EM-3: Precipitation input (p) to the EM-8 watershed was calculated
using 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.? (0.42 mi.?%)
of which 52% is stockpile. Runoff (RO) was measured directly at the

EM-8 weir (see appendix 6).

Losses to groundwater (underflow) were assumed to be zero, Most of the
material underlying the 8011 stockpile is impermeable, and chemical
data from wells around the pile indicate that leachate is moving into
the groundwater only in the small area where till directly underlies
the pile (see p. 81). Much of the IM-8 watershed upstream of the 8011
stockpile is on till or unceompressed peat, and underflow losses

from this area could be significant.

Since twe ~f the periods analy:zed were shorter than a vear, and all
periods analy:ed had markedly atypical precinitation, changes in

storage could not be assurmed to be tero. Changes in storage were esti-
mated using the recession curve for the watershed. "The recession limb...
represents the withdrawal of water from storage after excess rainfall

has ceased. C(onsequently it mav be considered as the natural decrease

in the rate of discharge resulting from the draining-off process. The
shape of the curve is independent of time variations in rainfall or in-
filtration and is essentially dependent on the phvsical features of

the channel alone.”{Grav, 19790, p. ".7}. "For mest watersheds, ground-

water-depletion characteristics are approximately stahle, since thev

B

closely fit watershed geoalogy. Nevertheless...recession...varies with
seascnal effects such as evaporation and freezing cvcles..."(Viessman

et al., 1972, p. 59).




Analysis of the BM-8 hydrograpn for periods between storm events indicates
that the shape of the recession curve was reasonably constant throughout

the study period. The composite curve constructed from rainless periods is
shown in appendix 7.

Each point on the curve corresponds to a given volume of water in storage
(Viessman, 1972, p. 70). If the budgeting period begins and ends at different
points on this curve, the volume of water in storage has changed. The mag-
nitude of the change is the volume of water under the recession curve between
the points corresponding to the flow rates at the end and beginning of the
budgeting period (Viessman et al., 1972, pp. 69-70). Figure 53 illustrates

this method of calculating changes in storage for the 1977 water year.

Water balances for the 1977 water year and for the common period from 1976
and 1977 data (July through September) are shown in table 10. For the 1977
water year, the total yield from the watershed (R0O+iS) was 28% of input (pre-
cipitation). During the sumer drought of 1976, virtually all of the rain
that fell evaporated, and flow was sustained by discharge of stored water.

During the wet sumper of 1977, output was 31% of precipitation.

Seep 3 and Seep 1. Fewer data are available for the scep 3 and seep 1 water-

sheds, so the water bhalance calculaticns are less Jetailed. Precipitaticn
input was calculated using rainfall Jata rfrom the Erie site when available,
and data from Babbitt at other times  see appendix 3). Watershed areas were
determined as described in appendix 5 and swwmarized in table ll. Runoff was

calculated by straight line interpolation between periodic neasurenents of
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Table 10. Water Balances For The M-8 Watersiud
] 3 RO RO+AS
Period P(in)  Ro(ft) RO(in)  aS(ft’) AS(in)  GW(in) E(in) “P(%) P (3)
1W0/1/70 - 9/26/77 33.38  7.57x10° 7.76 1.48x10%01)  1.52 0 24.1 22 28
0/27 - 9/25/706 4.70  1.27x:0° 1.30  -1.27x100(3) -1.30 0 3.76 27 ~ 0

0/27 - 9/25/77 18.93 5.26x10° 5.39 0.44x109(3)  0.45 e 13.09 28 31




Table 11 . Watershed areas of Erie seeps, millions of fe2

Description

EM-8

tccal watershed
includer stockpile area

8006,/8017 2.17
8011 3.51
8012 0.53
8014 0.50
Total 6.71
area above sump 6.71

included stockpiles 2,22
area below sump 4.99

included ctockpiles 3.91

Seep 3

-total watershed
included s'ockpile area
8014/8011

Seep 1

watershe:l
alternative 1
2
3

included stockpile area
alternative 1
2
3

Watershad

12.2

2.46

1093
0.611
0.424

Contain=d
Stockpiles

6.71

1.16

1.14
0.552
0.378

]



discharge (se=» Appendix F). When this procedure was applied to the
pericdic measurenents at RM-8, the resulting volume exceeded that detemmined by
centinuous weir records by 13%. It is likely that the nmoff{ estimates {or

Seep 1 and Scep 3 are sonewhat high.

Since large parts of both watersheds are thougiit to be on bedrock or compressed
peat, losses to groundwater probably are small and were assumed to be zero.

By analogy with [M-8, storage provably increased over the budgeting period
(August 1, 1976-July 31, 1977), but no data are available to make a quantitative

estimate, so zero change in storage was assumed.

For the period from August 1, 1976 through July 31, 1977, the seep 3 watcrshed
yielded runoff equal to 45 to 30% of input precipitation (table 12). Estimates
of percent runoff from seep 1 vary considerably depending on watershed area
estimates (table 11). The data suggest that the two smaller watershed areas

are underestimates, since they result in 90 and 131% runoff. The largest

watershed area estimate gives runoff of 30%.




Tuble 12

A

Water Balunces For the Seep 3 und Seep 1| Watersheds

~dq

- Yig
-

See

Est iated

Watershed Stochpile
Period Arca(f12)  Arca($) p(in) KO(ft3) RO(in) &S @F  E(in R/P(3)

T 8/1/70 - T/3UTT 2.46x)00 47 v 9.9 12.8 a4

3 22.69 2.03x10° D0
2.21x10% 52 11.0 11.7 4
1.83x10° ol 6.9 15.8 30

s 8/1/70 - 7/31/77  0.011x10° 90 22.09 1.05x10°  20.0 0 0 2.1 91
0.424x10° 8y 29.7 0 134
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Later balances for Minmamax field leaching piles.

Precipitation data used in the water balance for the Minnanax piles are from
the standard gauge at the site (appendix 3). Watershed areas were neasured in
the field and are sumariczed in table 6. Initial calculations group the rock
area with the exposed hypalon area in computing runorf coefficients. Because
the exposed hypalon probably provides little opportunity for retention and
evaporation, further calculations were made assuming a runoff coefficient

for the hypalon of 70%. This figure was chosen arbitrarily to detemmine

the extent to which this factor could change estimates of runeff from the rock

material.

Runoff data for 1977 are from the current meter installed on FL-1, and may aot
be highly accurate (see p.18 ). Data for 1978 are from the recording flow

reter on the sup that collects runoff from all six piles (see appendix 9.

The hypalon liners prevent interaction with groundwater. Storage is assumed
to be zero, since flow falls to zero during Jdry periods between storm events.

Budgeting periods begin and end during such zero tlow periods.

For August through October of 1977, run.if from FL-1 was 38% of precipitation
(table 13). TFor the eleventh mcnth period from December 1977, through October
of 1978 all of the piles together yielded 10.35 inches of runoff, or 0% of
precipitation. The assumption of a higher percent runoff rfrom tihe hypalon

had a negligible effect on rmotrf coefficients for the rock material.



Table 13. Water salances For the Mimumax Field Leaching Piles

Watershed Area ({t4) RO(in) RO/P (%)
Period Total  Rock ilypalon P(in) R()ifts’fi Total Jlypalon Rock Total iypalon Rock
8/4 - 10/31177 5190 3157 39 13.06(1)  1324(3)  4.y7 9.14 4.85 38 70 37
Wo - 8711778 20830 19590 1240 12.83(2) 12018 6.93 £.98 6.55 54 70 3]
V21777 - W0/31/75 20830 19530 1240 25.85 18080 10.5 40

e (1) Predips Aug. 4 - Ot 29, Precip on Oct 30 and 31 ran off after budgetting period.
X

(2) Precip. May 0 - Aug. 0. Precip on Aug 11 ran off after budgetting period.

(3} 0 = ditference in flow weter readings on the two end dates, plus 110 gallon added as e:timate of wnrecorded
Mow un two separate days.




3.

Discussion

Because tho period c. record for stockpile flows is short anc had anomalous
precipitation patterns, it is difficult to draw conclusions about the typical
behavior of stockpile watersheds. A framework for analyzing the available
data can be made by comparing the behavior of natural watersheds from 1976 to

1978 with their long tem average behavior.

During the study period, the yield of stockpile watersheds at Erie exceeded that
of natural watersheds in the regicn {table 14). From October, 1976 through
Septerber, 1977, runoff from the M-8 watershed amounted to 7.76 inches, while
runoff from nine gaged watersheds in the region averaged 6.00 inches. From
August, 1976 through July, 1977, the seep 3 watershed yielded 9.9 inches, while
natural watersheds averaged 3.39 inches. Comparison of monthly flows from
EM-8(figure 23) and seep 3 (figure 27) with those from the Xawishiwi River

near Ely {figure 8) and the Partridge River near Aurora (figure 11) indicates
that two factors were responsible for the higher yields from stockpile watersheds.
First, the higher vields of stockpile watersheds during the sumer of 1977 com-
pared with those of natural watersheds indicate less susceptibility of stockpiles
to evaporative losses. The stockpiles are not vegetated, so transpiration
losses are zero. In addition, only a limited amcount of water can be retained in
the active evaporation zone by the coarse material and only a limited soil moisture
deficit can develop under prolonged evaporatiocn. Secondlyv, higher flows in

the fall of 1976 suggest that the stockpile wartarsheds have a better abiiity to

sustain flow from storage during dry periods.
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Runoff from the Erie watersheds curing an average year can be expected to exceed
that of natural watersheds in the region, and will probably be 40 to 30% or more
of precipitation. During the 1977 water year, vunoff from the EM-S watershed
was 23% of precipitation, and runoff plus changes in storage totalled 28% of
precipitation. Although rainfall over the period was 117% of riormal, runoff
from natural watersheds in the region averaged 58% of normal {table 13), and

was only about 18% of precipitation. Runoff from the EM-8 wa*tershed was probably
below normal, also. Runoff from natural watersheds in an average year is 37%
of precipitation, and it is likely that the runoff from the EM-8 watershed would
exceed this amount. From August 1976 through July 1977 the runoff from seep 3
was 44% of precipitation. Precipitation was 79% of normal, but runoff from
natural watersheds was 32% of norazal (table 15) or 15% of precipitation. By
analogy, the runoff from seep 3 is likely to be considerably greater than 14%

of precipitation in an average yea..

The annual yield of the seep 3 watershed is apparently nwuch greater than that

of the EM-8 watershed. Ambiguities in determining watershed areas and calculating
seep 3 runoff from periodic measurements may acccunt for part of the difference.
Large marshy areas in the M-8 watersiied probably lead tc greater evaporative
losses. Underflow losses duc to seepage into the till in upstream portions of

the watershed may also reduce the flow of the IM-J watershed.

For purpcscs of »redict ng impacts of runorf frum stockpiles ouilt luring future

copper-nickel mining in portaern Minnesota ions of stochpile behavior
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Strewnt tows during budgetting periods and strcamf{low statistics

Watershed Anmnual Streamflow Statistics qQ Q
HUrean . _Araa, mi< A ave 025 050 Q75 10/1/76-9/30/77  8/1/76-7/31/77

soad Chonr Aurora VAR 22.4 16.1 19.0 27.4 15.0 12.0
Partiadge o, nr Aurora 150 112 73.7 102 135 56.0 34.5
St Louis R ne Aurora 29 230 168 218 270 111 50.8
hawishiwi R nr by 253 223 © 107 216 259 4.5 42.6

Isabella R o dsabella 341 272 187 246 331 193 106
Ianka Ko onr Labbatt 55.4 30.0 20.8 33.5 40.1 24.9 12.3
f{‘:, ' bear Isl. R onr Liy 08.5 41.2 27.2 37.9 46.7 36.7 19.8

3 Kawisiiwi R nr Winton 1200 1019 599 883 1118 544 307
Shagawa R at Ly RNV 80.6 45.5 83.4 107 41.0 18.8
AVCTage 1l : .77 .52 .71 91 .45 .25
GVerage i inches 10.5 7.00 Y.64 12.4 0.11 3.39

All strewsd’ ) ows are in ft2/sec unless otherwise noted.
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Rough approximations of the variations in stockpile runoff in wet and dry years
were made by assuming that the same amount of water is lost to evaporation in

a wet or dry year as in an average vear. This amount was subtracted from the
wet or dry year precipitation to estimate runoff {figure 54). For the watersheds
at Erie, this method predicts essentially zero runoff in a dry year, and 19 to

25 inches in a wet year. Although the method gives an indication of the range

in a runoff which might occur, the actual runoff in a wet or dry year depends

on many factors. Precipitation is not necessarily a good predictor of runoff.
Precipitation and evaporation during the preceeding years have an effect, as

the 1977 water year demonstrates. The storage characteristics of the watershed
also have an effect. For instance, essentially all of the precipitation which
fell from July through August of 1976 evaporated, as would be expected, but
stockpile seepege was sustained by withdrawal from storage within the piles,

and the ratio of stockpile flow to natural watershed flow was high.
Physical properties of stockpiles which may affect the annual water balance are
discussed in the "evaporation'' section of the conceptual model. Assuming evapora-
tion occurs primarily in the near surface portions of the pile, the controlling
characteristics are the texture, thickness and layering of the cover material,

the texture of the near surface stockpile material and the nature of the hydraulic
discontinuity between the two. Vegetation may significantly increase evaporation.
The intermali characteristics of the pile and its neight are nct thought to be

-

important. The nature of the surticial material below tiwe pile may appear to have

an effect, if seepage to groundwaters ls not measured.
In realitv, thers is a negative correlat.on Detween procipitation and pan evapera-

tion {3ruce Watson, pers. comm., 1972}, which would resuit in a scmevhnat nore

extrerme range Iin runcsrl.




FIGURE 54

ESTIMATED ANNUAL STOCKPILE RUNOFF
BASED ON 80FT HIGH OPEN PIT MINED PILES

NOTE:

DRY YEAR FLOWS MAY BE
SUSTAINED CONSIDERABLY
ABOVE THIS RATE BY
WITHDRAWAL FROM
STORAGE

100 YEAR AVERAGE 100 YEAR
DRY YEAR YEAR WET YEAR




Seasonal Rwunoff Patterns

Runoff data from EM-8 provide the most complete and accurate information

for describing seasoial runoff patterns. Flow was zero during the winter
months, probably duc to formation of ice dams within and near the margin

of the 8011 stockpile. At other times, the flow never dropped to zero,

but was sustained between storm events by discharge of stored water. Spring
flow (March to May) was small in the one year of record (1977), reflecting

the low snowfall and depleted soil moisture conditions. Summer and fall
discharge varied with the number and size of rainstorms. Flows were substantial
in 1977 and 1978, but in 1976, when rainfall was negligible, flows receded

steadily from July thrcugh the fall and winter.

Because the period of observation was short and rainfail patterns during the
period were unusual, the seasonal flow patterns observed may not be typical.

As a further source of information, observed patterns at EM-8 are compared

with patterns for na*tural watersheds during the same period. The long term
average behavior of these watersheds is known, and provides a perspective

for observations made in the period from 1976 through 1578. Three of the
stream stations used were chosen because they are unregulated: the Kawishiwi
River near Ely, the Isabella River at Isabella, and the Bear Island River

near Ely. No data were collected for the latter twoc in 1978, so the Par-

tridge River was substituted. Flows of the Partridge River were corrected

for diversion and changes in reservoir storage by the JSGS. All of these water-
sheds are much larger than the EM-3 watershed, and can only provide an integrated
sumary of typical runoff behavior in the study area. Natural watersheds the

same size as EM-8 could have an infinite variety of seascnal runoff pattemrns.




The following discussion is based on figures 8 through 13 and 23. To

facilitate comparison, all flows are plotted in cfs per square mile (cfsm).

The overall patterns of runoff from the EM-8 watershed during the study
period were similar to those of natural watersheds, which suggests

that runoff patterns curing more typical periods may also be similar.

Flows are very low Juring the winter of 1976-77. Spring flows from natural
watersheds were very much below normal in 1977, which suggests that spring
runofi from stockpiles may be a major fraction of annual flow in normal
years. Summer and fall flows of natural watersheds, like flows at EM-8,
were strongly dependent on rainfall. Flows were small and receded through
sumier and fall of 1976. Flows were moderate in June through August of
1977, tnt shot up in September and were high through December. Nineteen

seventy eight summer flows were at or above normal.

In some significant respects the behavior of the EM-8 watershed differed

from that of natural watersheds. Flows were better sustained during the dry
period from July through November of 1976, suggesting that the EM-38 watershed
has better storage. This is true of the scvep 3 watershed as well. Flows did
not increase as soon or as much in spring (March-May, 77, May-June, 78)

as ther did in natural watersheds. Persistence of cold temperatures in the
pile probably causes a later and slower thaw. This appears to aliow more of
the spring meit to go into groundwater storage, helping to maintain base
flows later. Summer flows (July-August, 77, July-September, 78) were higher
than for natural watersheds, indicating less susceptibility to evaporative
losses. Transpiration losses are simall, since the piles wnich cover 325

Of the watershed are wnvegetated. Furthemwore, oniy a limited amount of
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* stockpile msterial, ard hence only a limited soil moisture deficit

can develop under prolonged evaporation.




Surface Runoff

No water leaves the stockpiles at Erie as surface runoff, even though rain-
fall intensity sometimes exceeds the infiltrability of the stockpile sur-
faces. The infiltrability of the compacted gravelly sand till surfacing
material is probably adequate to allow complete infiltration of many stomms.
Large (50 x 100 ft) uncovered patches of waste rocks on the stockpile sur-

face probably allow complete infiltration of most storms locally.

The surfaces of the stockpiles have a poorly to moderatley well developed
drainage network. Wide, shallow channels (1 or 2" or less deep and 6 to
12" wide) eroded into the till demonstrate that its infiltrability is ex-
ceeded at times. Some channels lead into scattered ponding areas, where
claying silts cover areas 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 rumoff have been washed in between 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 will infiltrate intc the
coarse rubble immediately. Most of the perimeter of the pile slopes
back toward the center for personnel safety reasons, precluding water from

running off the sides. In a few places channels lead to the edge, but

disappear upon reaching the coarse side slopes.




The infiltrability of the stockpile surfaces has rot been measured,
but based on observation rainfall intensities at Erie (table 16) and
the presence of channels on the pile, it is probably less than one
inch per hour. This is lower than infiltrabilities found by Burtom,
Gifford and Hart (1978) for uncovered waste rock piles, but is of the

same order as typical values for coarse soils (see table 16).

Neither the bare piles nor the soil-dressed piles at Minnamax yield
surface nnoff. The compacted rock and soil apparently have high
infiltrabilities. The piles are too small in areal cxtent to develop
significant channels, so that any surface rumoff would be in the

form of overland flow in rills and sheets.




Table 16. Summary data on rainfall intensities and soil infiltrability.

Rainfall intensity

Some observed intensities at Erie in 1977

date Precip(in) duration(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
7/3 .78 0.83 0.94
7/16 .34 1.85 0.18
9/19 .54 5.2 0.10

Rainfall intensities for selected return periods and durations (Watson, 1978,

table 6.2)
return period, years
duration, min. 2 10 25
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 0.4
Infiltrability

Literature values for rock dumps inches/hour
6.3 - leach dump under ponded conditions (Ammstrong et al., 1971, p 7)
1.3 to 2.4 - waste rock piles of non-porous igneous and metamorpliic
material under simulated rainfall (Burton, Gifford ana
Hart, 1978, p. 274).

Literature values for bare soils, inches/hour

0.3 - coarse and medium textured soils over outwash, coarse
open till, or coarse alluvium (Gray, 1970, p. 5.5)

0.1 - medium textured soils over medium 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, 1979, p.

. i7)
0.01 heavy clay soils (Linsley and Franzini, 1979, p. 47)
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Stockpile Water Retention Capacity

The water retention capacity of the stockpilec was estimated and compared with
observed losses fram storm rainfall to get a sense for the following:
- - Are evaporative losses from the EM-8 watershed dominated by losses
from the vegetated/water covered undisturbed area?
-- Is the assumption that evaporated water is lost primarily from the near
surface part of the piles reasonable?
-- Does the camparison 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 Model''.

The maximum retention acsociated with a single rnunoff event at Erie through 1977
was 2.3 inches, and the maximum observed at AMAX through 1978 was 3.0 inches
(table 17). Retention was calculated to be that fraction of rainfall which does
not run off and which is not evaporated during the storm period, and ignores soil
moisture present when the storm began. Table 19 shows the evaporative losses

for numerous other storms at Erie. Daily pan evaporation is given in appendix 10.

Retention capacities of the soil cover (if present) and the stockpile rock were
estimated separately and are summarized in Table 18. The till covering the Erie
piles is approximately 10 to 20% gravel, 30 to 431 sand, 20 to 40% silt and 10 to
20% clay (Olcott and Siegel, 1978, pp. 10-11), and may have a field capacity of
6 to 25% by volume, based on published data (appendix lla). The retention cap-

acity of the topsoil is estimated to be near the upper end >f this range.
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Table _]7 - Maximum retention associated with a single runoff

event from Erie (1)and MmMAX(2) stockpiles (inches)

Erie M-8
Date Precip (Erie) Pan Evap (Hoyt Lakes)
8/25/77 .93 .08
26 1.6 .03
27 1.45 .10

(3
total precipitation-total runoff = total evaporation

3098 - 1-46 = 2-52

total evaporation-evaporation during storm period = retention

2.52 - .21 = 2.31
MAMAX FL~-1
Date Precip (MAX) Pan evap (Hoyt Lakes)
8/25/77 .77 .08
26 } .03
27 } 2.79 .10
28 } .11

total precipitation- total runoff= total evaporation
3.56 - 029 - 3.21
total evaporatiocon - evaporation-during storm period=retention

3027 - 032 = 2095

(1) observations through 1977

(2) cbservations through 1978

(3) total runoff= interflow plus baseflow
- 132 -




L . Table 18 . Estimated retention capacities of stockpiles
at Erais and AMAX
:T‘ ' Erie
. material thickness (1) retention
' (f£t) volume$ inches of water
g till cover 0.5 6 to 25‘2’3 0.36 to 1.5
: stockpile rock 3 0.11 to 0.89¢3) 0.04 to 0.32
f'l " 5 0.11 to 0.89(3)  0.066 to 0.53
| " 80 0.11 to ?.?9 1.1 to 8.5
i " 3 3.5(4 1.3
-4 - 5 3.5(:’ 2.1
/ " 80 3.5(4) 34
;‘l AMAX
. material thickness (1) retention
2 (f¢t) volume$ inches of water
' Il till cover 0.60¢3) 6 to 25(2) 0.43 to 1.8
" 0.9252; 6 to 25(2; 0.66 to 2.8
: topsoil 0.91 20 to 25(2 2.2 to 2.7
~ stockpile rock 3 0.40 to 3.1(3) 0.14 to 1.1
. " 5 0.40 to 3.xg§ 0.24 to 1.9
‘ " 13 0. 40 £ 3.1 0.62 to 4.8
" 3 3.5¢ ) 1.3
. 5 3.5/4) 2.1
" 13 3.5(4) 5.5

(1) for stockpile rock, thickness indicates various estimates of
the active retention/evaporation zone.

(2) based on published data for soils (appendix 11 )

(3) based on model that considers water retainec in pores in the
fine fracti?n and in thin films on the course fraction
(appendix )

(4) based on T ting value found by Eckis in studies of valley £ill
(appendix }

(3) from Eger, Johnson and Hohenstein, 1979, p. 22.
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Table 19

Anaivsis of Total Storm Yield From The EM-8 ¥Naterhsed Based on Daily
Discharge Dats.

Dete Precip. Rewff Bvap. Date Frecip Rmoff .
(in) (m () () S s WO WS
7/% .5 3 .0%27 0.9 .31
7/9 .42  § 0013 0.3 .
7/20 .35 3 0011 0.3 .35
8/4 12 3 0003 0.3 .10
&/9 .08 ) 0006 .08 .
s/10 Y+
11 +16 418 00126 409
12 .n3
§ 997 .28 3 .0028 1.1 .89
- 913 .18 ) § [ ] .18
9/18 .80 ]
9/26 .28 ) | .0007 0.353 .20
10/¢ .87 3 0017 0.2 .87
19/18 .32 ) 9012 3 .12
£/30 .18 8/3 .18
’ 3 1.79 2.13 ) S 342 $ .23
o, . 6 .08
6/ .54 7 .08 2.12 .36 7.3 1.5
[] .31 .8 .16 18 .71 10 01 3
[ ] .22 11 .03 B
6/1% .03 14 0 B
16 .75 18 3
17 .85 2.29 51 2 1.78 16 06
18 .28 8/19 .56 049 8.8 311
19 <33 825 .93
20 .40 26 1.60 3.98 1.6 ¥ 3.92
~ 6/23 .72 | Jd64 23 . 556 7 1.
& 6/18 .58 8/30 N -]
i 29 .26 1.58 367 24 1.133 3 .45 1.08 .56 36 ]
30 28 9/2 28
m .13 9/¢ .75
13 3.30 ] 0% 9% .3 38 RAYY
4 .06 1.82 .533 29 1.29 [ 1%
Y .44 9/9 .43 B
.82 10 821,37 .17 & 40
7/16 .45 11 .27 B
17 .08 058 12 842 13 K 3 ]
7/2¢ .33 9718 32 B
7 .53 3 1.050 1.8 .272 2% 808
-] 2§ 20 81
31 37 $/22 23 B
23 .28 )
4 853 1.73 .50 28 1.23
28 34 3
. 2% 20 B3

5/26

/2 .47 670 1.20 281 3.06

&2 1.7

/-9 1.00 5.3 23 .

-6 1.18 0.11 93 1@

?/1-13 1.7 .22 1 1.5%
§ 7/12-1§ 0.46 0.03 6% 0.8

-2 1.9 1L 03 N 1.39

7718-21 0.4

?413-18 £.3) e.%% 9.1 0.30

8/14-20 1.74 1.9 0.3 W 1.6

818-23 0.18%

&i3-38 1.8 c.681 W 3.28

§/2°-%% Q.59 0.24 6.8 0.5%

#10-18 2.73 .56 N 1.8

#/14-17 2.8 .46 %2 0,43

o iodicates Tainfall data from Batbifl wer wied
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The stockpile material is very coarse, and probably has a retention capacity
much lower than that of the cover material. Laboratory data collected by AMAX
showed that a composite sarple of crushed gabbro ranging in size from 0.149 to

2.38 mm retained 4.44% water by weight (+9% by volume) after 48 hours. Since only

1 or 2% of the stockpile material falls in the size range, this must be an upper

limit on water retention. Work reported by Eckis (in Todd, 1959, p. 24) showed

that the specific retention of valley fill tended to approach a limiting value

of 3.5% by volume as grain size increased (see appendix 1lla). A model of retention
capacity that considered water retained in pores in the fine fraction and in thin
films on the coarse fraction predicted a retention capacity of 0.11 to 0.89% by

volume for the Erie piles and 0.40 to 3.1% by volume for the AMAX piles (appendix 11b).

The amount of water that can be retained for evaporation by stockpile material
depends on both its retention capacity (volume percent) and( the thickness of
naterial accessible to evaporative processes. Following Brady's argument (1974,
p. 207) that only the upper parts of the soil can be depleted by evaporation,

an active thickness of 5 feet at most seems reasonable. On this basis the stock-
pile material at Erie is estimated to be able to retain 0.066 to 1.1 inches,

and that at AMAX 0.24 to 2.1 inches. For the stom event of August 25-28, 1977,
at AMAX, this retention capacity is not sufficient to account for the observed
losses from the bare FL-1 pile. Measurements of nmoff may have been low, or the

volume percent retention or active thickness may be underestinated.

Cover material contributes to retention capacity nmore significantly than its
thickness would suggest. The till on the Erie piles is estinmated to ve able to

retain 0.36 to 1.3 inches of water, nearly as :mch as the stockpile material. The

two together can retain up to 3.6 inches, which is sufficient to account for cbserved

losses at Erie. The hvdraulic discontinuity between cover material and stochpile

material will tend to increase the retention capacity of the cover naterial ‘see p.3%¢ ).
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In addition, evaporation from the Erie stockpiles is facilitated by water held
in surface depressions lined with silt that dot the tops of the piles. Evapo-
ration from vegetated areas and low-lying wet areas of the watershed is probably
greater than the average for the watershed, with evaporation from the stockpiles
generally less than average. Nevertheless, the calculations suggest that evapo-

ration from the stockpiles is not negligible.




| '
i

Sterm Yields

In this section, estimates are made of the total yield (interflow plus
baseflow) and evaporation from rain events. Observed 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 stom is affected primarily by the voiume and in-
tensity of rainfall and the infiltrability and moisture deficit of the
soil. The larger the volume of rainfall relative to the soil moisture de-
ficit, the greater the yield will be. If stom intensity exceeds soil
infiltrability, water may run off before it has a chance to replenish

soil moisture, increasing yields.

The method emploved was as follows:

1. An individual runotff event (hydrograph peak) was isolated. Recession
curves spliced to the hydrcgraph prior to and following the peak en-
Closed a volume of outflow.

2. For the EM-8 watershed, the Volume of flow enclosed was calculated
from tabulated discharge data (appendix 6) and tabulated recession
curves (appendix 7). For the AMAX piles, the volume was calculated
from tabulated discharge data (appendix 9) and recession values read
from the curves sketched on the hydrograph (fig. 23 and 29).

3. Each rainfall event was assigned to a runoff event, soc that percent
rnoff could be calculated.

Ideally, the runorf from each rainfall event would be calculated separ-
ately, but frequently several rainfall events contribute to a single
peak which cannot be subdivided tc resolve the runoff associated with each

event. The method used results in a narrower range of percent yield




values. For example, runofi {rom the stormm on May 30 and 31 and June 1
1977 (table 19) was estimated as 33% of precipitation, but it may be
that the storm cf May 31 yielded 40% and the storms of May 30 and June 1
yielded rothing. Computer modelling of daily rainfall, flow, evapora-
tion and soil moisture could . rovide a better picture of the storm re-

sponse of stockpiles.

EM-8: Data used are those described in the ''Water Balance' section.
As in that section, it is assumed that no water is lost by seepage to

underflow.

The recession curve became less steep for flows over 0.3 cfs from June
through September of 1977. That high base flows were sustained longer

indicates that short term storage within the system increased.

Figure 55 shows the daily discharge hydrograph for EM-8, with reces-
sion curves separating it into different runcff events. Table 19

shows 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, the maximum observed yield for the two jear study period is 37%.
The yield of three natural watersheds in the study area ranges from

5 to 90%, based on a longer period of record (fig. 36). Considering the
depleted state of soil moisture during much of the study period, it is

reasonable to expect higher yields from stockpile watersheds in the future.

Due to the effects of soil imeisutre, rain intensity, and other factors,

the correlation between rumoff and precipitation is only fair (fig. 37).
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Figure 57
STORM RUNOFF AS A FUNCTION CF PRECIPITATION AT EM-~-8

1976 AND 1977
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wuring 1976 the small, infrequent stoms gave rise to few runoff peaks.
Those which did occur were small, and accounted for a negligible frac-

tion of input precipitation. All of the nmoff generated in the summer
of 1976 may have come from the small (2.64 X losftz) bog between EM-9

and the weir, with the stockpiles and the undisturbed areas upstream of
8011 contributing no runoff. Stom yields in 1976 accounted for a max-
irmun of 18% of the precipitation on the bog. The bulk of the flow for

the period was base flow from storage.

Many of the 1977 stomm 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
stockpile response. Chemical data taken at close intervals across the

peaks may verify this.

Percent runoff was high in the early summer of 1977, when stoms were
large and temperatures and evaporation potential were low. Storms in
July and the first part of August were small, which combined with high

evaporatic. potential to give low runoff.

AMAX:  The data used are those described in the 'Water Balance" section.
Flow data for 1977 are from the flow meter installed on leach pile FL-1,
and are not highly accurate. Flow data for 1978 are from the metered
sump which drains all six piles. No consistent recession curve was
observed, so recession curves were sketched individually for each storm.
Flow from the piles drops off rapidly and base flow is small, so the vol-

uretric error from estirating recession curves 1is small.

For the stomms analyzed, yield has ranged from 3 to 26% of precipitation
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(fig. 58). Based on the more reliable 1978 data only, the range is 16 to 70%.
Some smaller storms not analyzed yielded zero runoff. Percent runoff gener-
ally exceeded that from the EM-8 watershed for the overlapping time periods
(fig. 47 and 58), probably due to higher losses from vegetation and standing

water at EM-8, combined with less complete control of watershed outflow.

Table 10 surmarizes observations of yield at Erie and AMAX, and compares
them with the model results for three natural streams in the study area.
The AMAX data cover a range comparable to that of the natural water-
sheds. BEM-8 data, which are more representative of real stockpiles, cover
a lower range. Comparison of summer flow pattemns for the EM-8 watershed
and natural watersheds during 1976 and 1977 indicated that stockpiles are
less susceptible to evaporative losses than natural watersheds (see
""Seasonal Runoff Patteins'). The low 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 FUNCTION OF PRECIPITATION AT AMAX
1977 _AND 1978
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Table 20 . Storm Yield as a Percent of Precipitation

storm yield, 9%

watershed all data best data
™M-~8 0 to 66 0 to 37
AMAX 0 to 96 0 to 70
streams* 5 to 90 ————

*Sevard , Melson and Bowers, 1979, p. 18.
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Interflow from the FM-8 Watershed

Stom response of tiie BEM-8 watershed is entirely interflow generated
by laterai flow over irmpeding layers in the subsurface. All of the
types of impeding layers discussed in the conceptual model could be
present m the stockpiles in the PBM-8 watershed, and may contribute

to mterflow Direct surface runoff from the stockpiles is zero. Any
direct surface runoff generated over the undisturbed portions of the
watershed is prevented from flowing immediately to the weir because
the 8011 stockpile blocks the drainageway.

Timing and shape of stockpile stomm peaks: Interflow peaks from the
BM-8 watershed are broad and low (fig. 22, and appendix 1l1). The max-
imum rate of flow observed from 1976 through 1978 was 5.3 cfs, in
August of 1977. Most other peak flows for 1977 were between 1 and 1.5

cfs. Interflow from a single rain event generally persisted for l4 to
4 days (table 22, and appendix 1I)}. The gentle recession curve (appen-
dix 7) is indicative of the high storage capacity of the watershed.

Flow at the weir began to rise almost imnediately following the onset
of rainfall (appendix 1l). Many hydrographs from 1977 show a small
peak 1 to 6 hours after the centroid of the rain event (table I1).
This peak may cuntain runoff from the beaver pond umediately upstreanm
of the weir, or from particularly rapia flow paths through the 3011
stockpile. The principal peak, thought to represent stockpile inter-

flow, occurred 20 to 32 hours after the centroid »¢ the rain event

{table 21). This interval is referred to as the lag time of the basin

Gray, 1970, p. 8.6).




12 June 79 '

Table __ 21 . Timing of rain events and flow peaks at EM-8, 1977 l

duration amount time to (hrs): l
date time (hrs) (in) 1st rise Ist peak :nd peak remarks

May 20 0400-0436 0.5 0.45 0 3 N .

1130-1240 1.2 0.35 0 2 N

May 22 0100-0340 2.7  0.30 2 5 N '

May 30 1540-1640 1.0 0.18 0 S M

May 31 0245-1030 7.8 0.55 0 4 M 0245-0545 0.49"

May 31-Jun 1 1450-0150 11 1.40 0 3 29

June 5 14506-1640 1.8 0.32 0 3 20 l

1940-2130 1.9 0.16 M M M

June 6 1250-2020 7.5 0.11 M M )

June 8 0340-1680 13 0.22 0 3 N 0340-0500 0.16" l

June 16 0115-1345 13.5 0.73 0 S M 0115-0300 0.42"

June 17 1830-2230 4.0 0.78 0 6 M

June 18 1720-1740 0.33 0.13 M M M '

June 19 1510-2210 7 0.34 0 M M -+ 1510-1620 0.22"

June 28 0450-0530 0.67 0.72 0 2 31 Jdaily data show 0.31"
total for June 19: am-
biguity in dates on ch

June 29 2247-2340 1.0 0.23 0 M '

July 3 0120-111¢ 9.8 1.24 0 3 23 - 0120-0345 1.11"
2120-0530 1.20"

July 16 0845-1020 1.6 J.33 0 3 32

1745-1830 0.7% 0.12 M M M

July 24 1730-1740 0.15 0.1% 0 6 N

Aug 20 0530-1010 4.7 0.43 0 5 17

Aug 25 1450-1730 2.7 0.8 2 6 M

Aug 26 1300-131¢ 0.15 0.13 M M “

Aug 26-27 1930-2020 0.85 9.87 M M i 28

2020-0720 11 0.51 M | . T

Aug 27 1710-1800 Q.85 1.27 M K] A

Aug 30 1450-2020 5.5 0.36 0 1 M 1545-1640 0.26"

Ay 31 1020-135%¢ 3.5 0.44 0 M N

Sept 2 0210-0340 2.5 0.20 0 4 N

Sept 3 1900-2400 5 0.70 2 4 24

All of tue precipitation on a given day may not pe accounted for. Only
<escriped events are listed

N=no peak

Lamasked by flows r=lated to other events
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Comparison of the behavior of the PM-8 watershed with that of undisturbed
watersheds of similar size may illuminate the effect of stockpiles on
streamflow patterns. Data from two small watersheds on tie North Shore
of Lake Superior were supplied by Kemneth Brooks, Dale Higgins and Ross
Wolford of the Forest Resources Department, University of Minnesota.

The watersheds, designated "Centrcl' and ''01d", cover 0.14 and 0.51 il
respectively (Wolford, 1978, p. 1). Both are forested watersheds with
moderate slopes (average of non-bog area = 7%), and each has a central
bog covering 5 to 10% of the watershed (Wolford, 1978, p. 2). Soils
generally consist of an organic layer 10 to 15 am deep over massive clay,
so that runoff is in the form of interflow over the clay layer (Brooks,
pers. com. 1979). Runoff peaks from these watersheds have been much
higher than those from Ed-8.. During 1977 the Control watershed had flows
as high as 23, 26 and 110 cfs, and the 0ld watershed flows as high as 14,
20 and 67 cfs (Wolford, 1978, following pp. 25, B10-Bl3). Lag times for
various storm events were approximately 2 to 7 hours (Wolford, 1978,

following pp. 25, Bl10-Bl3, and data supplied by iliggins, 1979).

Comparison of these data with those from PM-8 erphasizes the slow response
and low, broad peaks of the EM-8 watershed. Much of this behavior may be
intrinsic to stockpiles like those at Erie. Percolation through the

thick stockpile mnaterial could be expected to lead to a slow response.
Sumerous flow patis through the heterogenecus piles and over impeding layers
probably tend to smear out the runoff peak. Another factor contributing

to low peaks is that a large proportion of the runoff goes into storage.

It is unknown lLow much of the storage in the BM-S watershed is in the stock-
piles themselves, but evidence from the seep 3 watershed and from the lit-

erature [Amstrong et al., 1971, p. 2d) indicates that stoCkpiles can
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store significant volumes of groundwater.

The EM-8 watershed is not entirely stockpile, and some of its peculiar-
ities affect its stomm response behavior. Storm runoff from the upper
half of the watershed must seep through the 8011 pile before reaching

the weir. The delay contributes to the slow response and low, broad peaks.
It is unknown whether any of the runoff arriving at the sump contri-

butes to the interflow peak at the weir, or whether all of it moves
through the 8011 stockpile as baseflow. Storage in surficial materials

in the undisturbed part of the watershed, combined with the danming

effect of the SC11 stockpile, augments the baseflow from the stockpile

itself to an unknown degree.

If runoff from a stockpile is allowed to flow unregulated into a receiving
stream, the timing and shape of storm peaks from the stockpile relative

to those from the receiving stream will have a strong effect on dilution
as a function of time. The time of arrival of the stockpile peak at a
given point on a stream is strongly dependent on the location of the

pile within the watershed (figure 61), and in general will not coincide
with the watershed peak. Even if the stockpile peak arrives at one point
on the stream system at the same time as the watershed peak, for points
upstream and downstream this will not be the case (figure 62). Dilution
of stockpile peak flows varies as a function of the location of the stockpile
relative to the point of observation. If the stocikpile is immediately
adjacent to the observer (figure 63, point A) or at the most distant point
in the watershed (point C) dilution is minimized and impact is maxinized.
If the stockpile is located such that its peak passes at the same tine as
the watershed peak {(point I) dilution is maximized and impact is nininmized.
Secause stockpiles respond slowly compared with natural wartersieds, dilu-

tional watersheds below a certain size will always peak before t.¢ stock-
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pile, regardless of stockpile location (figure 64).

Volume of interflow: Because the different paths water may follow

through a stockpile affect the quality, location, and timing of out-
flow, the apportionment of outflow among these paths is of interest.
Interflow was separated from baseflow by a standard method normally

used to separate surface runoff interflow, and channel precipitation

as a group from baseflow (Viessman et al, 1972, pp. 67, 71-72). The
pre-storm recession curve (A in figure 65) which represents base flow,

vas extended to a point directly below the hydrograph peak (B). Ease

flow was then assumed to increase exponentially (Q = a * 10bt) until

it comprised all of the flow (C). The time at which interflow declines

to zero {C) could not be chosen unambigiously, because the hydrograph peaks
tend to be broad and decline gradually. For many peaks, two estimates

were made. The first chose point C to be 1% days after the peak flow,
since a number of the hydrographs had an inflection point there. The
second, larger estimate was made by extending interflow as far as seemed

reasonable in each case.

Interflow has comprised up to 22% of the precipitation falling on the EM-8

watershed during a given storm. For the storms analy:zed, interflow has

ranged from 20 to 61% of the total yield for the entire watershed.

Since water flowing to the sump from the upstream half of the EM-8

watersiied is ponded against the 8011 stockpile and must seep through it,
it may not contribute to interrlow. Calculated on the pasis of the area
below the sump only, interflow has amounted to as much as 54% of precip-
itation. The interflow volume frequently exceeded the calculated total
yvield from the area below the surp, which could indicate that the area
upstream of the sump contributes to interflow. It could also indicate

that the area below the sump, which is alnost enti-:ly stocipile, contributes
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LAG TIME OF STOCKPILES COMPARED WITH

LAG TIME OF NATURAL WATERSHEDS

Lag Time for Natural
Wglersheds

LAG TIME

A\

\ Lag Time for o Stockpile

of a Given Area, A {(A>A.)

o o o e o —

AREA = A,
WATERSHED AREA (legerithmic)

STOCKFILE PEAK WILL ALWAYS CCCUR AFTER WATERSAES PEAK FCR

WATZRSHEDS OF AREZA LESS THAN A,.




Figure 65
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a higher percent yield than the upstream area. Observations made when

the surp area is pmmed in 1979 may resolve this question.
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Base Flow of the Erie Watersheds

uring the dry surmer of 1976 stomm runoff was negligible, and the water-
sheds at Erie yielded almost entirely base flow from storage. Flow at

EM-8 receded gradually from 0.26 cfs in early July to 0.12 cfs in September,
then declined to as low as 0.05 in late October and early XNovember. Flow
at seep 3 receded from 0.15 to 0.03 cfs over the swmser, while seep 1 flows
went from 0.06 to 0.04 cfs. Frequent storms kept flows high during much

of the sumer of 1977. Flow at EM-8 receded to 0.18 cfs during a relatively
dry period in August. Flows at seep 3 and seep 1 at that time were .10
and 0.016 cfs respectively. During 1978 base flows of the EM-§ watershed
petween storms were typically around 0.3 cfs. Flow is zero at all three
seeps during the winter. This 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 water which later helps sustain summer base flows.

When interflow volimes were subtracted from total storm yields of the EM-3
watershed for 1977, base flow was found to range trom 39 to 80 percent
of stomm yield. Most or all of the precipitation falling on the watershed
upstream of the 8011 stockpile may be forced to seep through the 8011 pile
as base flow, ac'counting in part for the fact that such a high proportion
of stom yield gces into pase flow. However, base Iflow in c:“"s,’:;u'.2 Jrom
seep 3 has Deen as high as or higier than that from 24-3, demenstrating

that the stocipiles themselves have signicicant storage.




An attenpt was nade to separate base flow Jderived frem direct ingiltration
of rainfall into the 3011 pile from that flowing through the 3011 pile from
upstrean areas. The following method was used:
1. The total yield from a given storm was calculated and
expressed as inches of rainfall over the entire K-8
watershed (Y).
2. The volume of interflow was calculated and expressed as
inches of rainfall cver the area downstream of the sump
(0.
3. The volume of water which infiltrated into the 8011 pile
and emerged as base flcw was calculated, in inches, as
Y-I.
Step 1 assumes that yield is uniform over the entire watershed, where-
as in reality stockpiles probably vield more than the undisturbed
area. Step Z assumes that all runoff from areas upstrean of the suxp
seeps through the 8011 stockpile as base flow. These assurptions proved
to be seriously limiting: the difference, Y-I, was frequently negative
and the non-negative results are thought not to be valid estimates of

the volume of direct infiltration.

Comparison of the base flow behavior of the EM-3 and seep 5 watersheds
with that of undisturbed watersheds of similar size denonstrates the
relatively high storage capacity of the stockpiles. The recession curve
of the EM-3 watershed (appendix 7} is much more gradual than those of two
small watersieds studied by Wolford (1378) and Higgins {(written coim.,

1873) (appendix 8}, indicating a greater storage capacity. Iase flows

[ 5

these twe watersneds were between 3.1 and 2.01 ¢fs in early s.amer

¢

O

1378 and fall of 1378, and were etween .01 and 2.001 <fs in ~uid

o
re,

summer idggins, pers. cowa., 1979). These flows are at least an order

of magnitude lower than these at IM-3 for comparable periods. lormallzed




on the basis of watershed area, they are also more than an order of mag-

nitude lower than seep 3 base flows.

T

>
Base flows (cfs;mi”) at EM-8 and seep 3 during the dry period from July
through November of 1976 were rmuch better sustained than flows of three
large natural watersiieds in the region (figs. 8, 9, 10, 23 and 27) showing

that the stocikpile watersheds have unusually high storage capacities.

Grouncawater storage within the stockpiles has lLeen assumed to occur pr.-
marily in a saturated zone at the base of the piles. Some storage may occur
in perchad saturated zones at intermediate heights, but it seens likely

that the bulk of the water is at the base of the pile. The BEM-8 watershed
also stores water in the sump and surficial material upstrean of the 3011
stockpile. Probably due to throughflow from this area and pérching within
the pile, the transition between interflow and base flow is gradational,
leading to a uniform recession curve with no cbvious inflection point when

interflow ends.

Simpliried models of groundwater flow within the 8011 stockpile were developed
to allew such parameters as permeability, saturated volume, flow velocity
and residence time to ve calculated. Two one dimensional steady state
analytical models were used to rwdel the flow. BDoth assume the stockpile
is underlain by an impemmeable base (''see Conceptual lodel of Stockpile
Ivdrolegy''). It is further asswned that all flow is parallel to a line

joining the center of the swip with =M-5.




In reality the swip area und the bog near EM-9 are about 400 feet wide,

whereas the broad, flat area under the stockpile is about 1200 reet wile.

The model approxinmates the situation shown in figure 60 a by that in b or <.

Model 1 (figure 67) assumes one-dimensiovnal flow over a horizontal base.

Plate 1 shows that the slope of the base of the stockpile is very gentle

(less than 1%), so this assunptica is justified. Model 2 assumes plug flow
of constant depth over a slopinyg base {figure 08). Details of the nodels

are given in appendix 13. Table 23 sumarizes the input information used

in the model.

The two models produced similar results (table 2d). Permeability is in the
range of 0.1 to 1.0 cn/sec. Such values are toward tie upper end of those
generally observed for clean sands and mixtures of clean sands and gravels
(Todd, 1959, p. 53). Estimates of velocity and travel time vary ca. ider-
ably because the width and depth of flow and the porosity are not Kiown very
precisely. It is likely that tihe width of rlow is closer to 1200 than to 130
feet. Eliminating extreme values on this basis, average velocity estinates
range from 7 to 70 feet per day, giving travel times of 170 to 17 days. These
figures are for travel time Irom tae surp o the seep. Direct infiltration of
rainfall on the stockpile into the saturated zone will have two effects

on residence time. First, it increases the water table slope slightly

s0 that the velocity of flow is faster. For the 3011 stockpile, calculations

indicate this erfact will be ninor. 3eccnd, Jdivect iariltration is dist:y . ted

over the entire saturated zone, some near tie outlet and some near the inlet.




Figure 66

SCHEMATICS OF ACTUAL, GROUNDWATER FLOW AT EM~-9

AND MODEL FLOW PATTERNS
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Figure 67

PLAN AND CROSS - SECTIONAL VIEWS OF MODEL 1 STOCKPILE
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Figure 68

PLAN AND CROSS -~ SECTIONAL THROUGHFLOW
VIEWS OF MODEL 2 STOCKPILE
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Input values of variables for models of groun:-
water flow through the 8011 stockpile

The distance from the sump to the seep as measured
on Erie Mining Co‘'s "Map of Mining Area 8" is
1200 feet.

The effective width of flow, as measured on the
same map, is between 400 and 1200 feet.

Steady state discharge was approximated as 0.12 cfs,
based on flow readings in late sumner 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 tc 8 feet.

¢2, the thickness of the saturated zone at EM-9,
was assumed to be zero.

@1 is the thickness of the saturated zone at the
sump 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.




Table 24 Results of Groundwater Models of ti.e 8011 Stockpile

EM-9 Model 1: Horizontal Flow: Pemmeability, Velocity, Travel Time

B 9 k k n=0.3 n=40.1
feet feet am/sec ft/day Vave t Vave t

| ft/day days ft/day days
1100 4 .5 1420 23.5 3l 70.5 17
1200 4 .46 1300 21.8 55 65.4 18
1209 5 .29 820 17.1 70 51.3 27
1200 8 .11 3190 10.4 115 31.2 38
1200 12 .05 140 7.23 166 21.7 55
400 5 .88 2490 52.2 23 157 8

EM-9 Model 2: Plug Flow: Permeability, Velocity, Travel Time

B h k k n=0.3 . n=0.1

feet feet AH/AL an/sec  ft/day Vave t ‘ave t
ft/day days ft/day days
1200 4 5/1200 .18 . 520 7.2 167 21.6 56
1200 4 8/1200 11 320 7.2 167 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 13
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




The average residence time for this water is thus about L..f that of
the water coming from the sump. The corrected residence time is thus

approximated by
torr VY TV,

where V; is the volume of water from the sump and V, the volume from
direct infiltration. The relative amounts of these are unknown, but

in late 1976 the latter contribution is assumed tc have been :zero.
Saturated volume is given by
v =£35p (2L)
371

Since 4 <P <12, 400 < B < 1200 and 2L = 1200,
1.23 x 10% < v < 1.5 x 107 £¢3

A reasonable single estimate, assuming § = 5 and B = 1200, is 4.8 x 109 £e3,

A steady state model of throughflow at seep 1 was developed, but recent
field work has shown that throughflow from the marsh southwest of the pile
cannot occur. The rodel is presented in appendix 14 because it was used
as input in leaching computations. A steady state model of groundwater

aounding in the absence of throughflow was also developed (appendix 13).

Permeabilities calculated from the models of groundwater flow through

the 3011 pile are lower tian would be expected for the coarse stockpile

material, and so it is hypothesized that a layer 5f the fipe grained material
1

has developed at the base of the pile, serving to sustain saturated flow

conditions. Few data are available on the meovement of fine particles thiuugh




a coarse mat..x. Sheffer and Trans (1968, - 12} observed that solutions
percolating ..rough leach dunps tend to transport the finer particles to
tne voids bet.een larger particles contributing to sett” .ent of the dumps.
The verticle distance such particles move is unknown. At Erie, silt, sand
and fine gravel sized gabbro has been found on the snow between large
boulders at the base of the pile, demonstratiry that some fine material
does work its way to the bottom. Silt and sand sized material moving ocut
of the piles at Minnamax has clogged the flow meters on the discharge lines.
Layers within the stockpiles, such as the tops of intermediate lifts at Lrie,
may arrest the downward movement cf the fine fraction, limiting the total
amount that can reach tihe botton.

.
Properties of the fine grained layer were estimated for use in analyczing the

leaching behavior of the saturated zone. The estinates presented in table

25 are developed in appendix 16.

The occurrence of a saturated zone at the base of a stockpile is dependent
on the permeability of the material below the pile, as discussed in the con-
ceputal model. For a mound to form in the absence of throughilow, the

rate of infiltration of water to the base of the pile must exceed the rate
at which the material below the pile can carry it away. Assuming vertical
seepage under a hydraulic gradient of unity, the latter rate 1s given by the
hydraulic conductivity. The assumption that hair of tie rainzail in an

B

average vear is lost to avapcration, and that, as an ugper ~.mit, the re-

maining rainfall infiltrates to the base of the pile ‘interZiow = )} j.ves an

L]

average amnual rate of supply of 14.3 incaes/vear, or 3.5 x 1J ° feet/day.




Table IS Estimated properties of hypothesized fine g .ined
layer at the base of the Erie stockpiles.
Thickness (meters) 0.3 to 5
porosity (%) 6 to 12
2
internal surface area (m“rock/MT) 530 to 12,000

surface area loading (m2rock/m3 water) 4400 to 200,000




Comparison of this value with hydraulic conductivities of si~“icial materials
in the Copper-iiickel Study Area (table 26) shows that groundwater mounds are
only expected to form in stockpiles sited on bedrock, psat, or some Des Moines
lobe till. These ma.erials cover about 30% of the study area (Siegel and
Ericson, 1979). Groundwater mounds are not expected to form in stockpiles

on outwash, Rainy Lobe till, or alluvium, which cover the other 70% of the area.
In these areas, water reaching the base of a stockpiie will seep into the

material below the pile, eventually reaching the local groundwater system.




Table <206, Estimaied hydrualic conductivities of surficial
materials in the Covper-Nickel Study Area.

HYDRA (LIC EXPECTED TO SUPPORT
CONDUCTIVITY* GROINDWATER MO IND
MATERIAL (ft/dav) IN STOCKPILE**

Peat 1073 to 1071 Vhk
Alluvium 10! to 103:3 N
Des Moines lobe till 102 to 10-5 N,Y
Glaciofluvial deposits 101 to 103.5 N
Rainy lobe till 102 to 10l-5 N
Bedrock not estimated Y

* from Siegel and Ericson, 1979, p. 37.
*%* Y = yes, N = no.
*** rssumes that peat compacted by the weight of a stockpile
will be essentially impermeable.



CONCLUSIONS
Summary
The hydrology of waste piles of sulfide bearing gabbro was studied over
three field seascns in connecticn with stuaies of leachate chemistry.
The full scale stockpiles at Erie Mining Company's ™mka Mine are
40 to 120 feet high, and cover areas of i to 7 acres. Individual rock
fragments range in diameter from a few microns to four feet, with an
average diameter of one to two f-et. The leaching test piles at the
Mimnamax site are 13 feet high and cover 3,000 feet? {0.07 ac) each.
The piles are finer grained than those at{ Erie, the maximum diameter being
two feet. The grain size of the Erie piles is typical of open pit mined
material, while the Minnamax piles are more representative of underground

mined material.

The study area has a continental clinate with cold, dry winters and wam,

wet summers. Average annual precipitation is 28.57" (at Babbitt), and

annual pan evaporation is 28.5" (Hoyt Lakes) (Watson, 1978). 'Snowmelt is
the major source of runoff... From the spring peak flows, streamflow

recedes steadily through the surmer, reacting only temporarily to heavy
rainfall"” (Garn, 1975, p. 18). Flow sometimes increases in October and
November due to decreased evapotranspiration. The annual minimun is usually
in February or March (Gam, 1975, p. 18). Average annual runoff is estimated

to be 10.72" (~ 38% of precipitation)(Siegel and Ericson, 1979).

A conceptual riocel of stockpile hydrology was developed on the basis of
field observations, literature and basic nydrologic concepts. The model

describes sources of water input, flow paths within the stocxpile and lo-

cations of output. Sources of water input are precipitation on the pile




and runoff from the surf- -= of groundwater catchments draining to the stock-
pile site. Much of the precipitation falling on the pile is retained in
surface dep~essions or the near-surface portion of the pile and eventually
evaporates. Some precipitation may run off over the stcckpile surface,
although the back-sloped edges, high 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 pathways
since dumping,bulldozing and compaction create discontinuous layers of

coarse and fine or loose and dense material (Sheffer and Evans, 1968, p. 9;

Howard, 1968, pp. 72-73). Water will percolate down tc an impeding layer,
flow laterally to the edge, then resume vertical percolation to the next
impeding layer (Armstrong, 1971, p. 21). Interflow reaches the margin of
the pile at its base within a few days or less, and is discharged as a
stomm peak. Some water may be stored in saturatecd zones within the pile,
helping to sustain seepage from the margins of the pile during dry periods.
If the pile is sited on permeable material, some water will also move

out of the pile vertically, eventually reaching the local groundwater system.

During the study period, the yield of stockpile watersheds at Erie exceeded

that of natural watersheds in the region. Runoif of the M-8 watershed during

the 1977 water year was 7.8 inches, or 23% of precipitation, while runoff

from nine gaged streams averaged 6.0 inches, or about 18% of precipitation.
The seep 3 watershe. yielded 9.9 inches, or 44% of precipitation, for the
period from August 1, 1576 to July 31, 1977, compared with 3.4 inches, or
15%, for natural watersheds. The difference in vield between the M-8 and

seep 3 watersheds is thought to be due to higher evaporative losses from

marshes and a pond in the B2M-8 watershed, and possibly scme ungaged undarrlow.




Two facturs appear to be resmonsible for the fact that stockpile watersheds
yielded more runoff than natural watersheds. First, the stockpile water-
stieds yielded more runeff per unit area than the natural watersheds during
the summer, indicating less susceptibility to evaporative losses. The
stockpiles are unvegetated, which eliminates transpiration losses, and due
to their coarse texture they have a limited capacity to retain water in

the near surface active evaporation zone. Second, the stockpiles had higher

flows per unit area than natural watersheds during the fall of 1976, sug-

gesting that they are better able to sustein flow from storage during dry
periods. Runoff from the Erie watersheds during an average vear is ex-
pected to exceed that of natural watersheds in the region, and will probably
be 40 to 50% or more of precipitation. The Erie watersheds are orly 52%
covered by stockpiles, and runoff from watersheds entirely covered by stock-

piles may be even higher.

Data from EM-8 provide the most complete information on the seasonal runcff
patterns of stockpiles. Flow was zero during the winter months, probably

due to formaticn of ice dams alcng the margin of the 8011 stockpile. At

all other times, flow was sustained continuocusly by stom events or dis-

charge from storage. Spring runoff was small in the one year of record (1977},
reflecting the low snowfall and depleted soil moisture. Suwmmer and fall dis-
charge varied with the numtar and size of rainstowrms: stomm peaks were

-

numerous and overall fiow high in the ralny sumers cof 1vT7 and 197y, but

in 1976, when rainfall was negligiol
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through the winter. Rainfall patterns during th> studv gericd were .nusual,

so the observed seasonal flow patterns may not be typical.

‘




Patterns of runoff from the EM-8 watersix * were similar to those of natural
watersheds in the study area, which suggests that runoff patterns Juring
more typical periods may also be similar. Flows of natural watersheds were
unusually low during the winter of 1976-1977. Spring flows were very wuch
below normal in 1977. Analogy suggests that spring flows from stockpiles
may be substantial in normal years. Summer and fall flcws of the natural

watersheds, like those at BEM-8, were strongly dependent on rainfall.

In some sign’ficant respects the seasonal behavior of the EM-3 watershed

differed from that of the natural watersheds. Flows were better sustained
from July through November 1376 at both EM-8 and Seep 3, which suggests 1
that stockpiles are better able to sustain flow from storage during dry

periods. Flows did not increase as soon or as much in spring, probably i
due to persistence of cold temperatures in the pile. This appears to allow

more of the spring melt to go into groundwater storage, helping to maintain i
base flows later. Sunmer runoff was higher than for natural watersheds, in- 1
dicating less susceptibility to evaporative losses.

Neither the Erie piles nor the AMAX piles yieided any surface runoff. The

E
"pl tops of the Erie piles, which uare surfaced with sandy till, have a moderately ‘

well develuped system of shaliow channels {6 to 12" wide and 1 or 2 deep)
which lead surface flow to scattered depressiéns on the top of the pile.
This system of channels and depressions xeep most of the rainfall on the
stockpiie surface long enough to infiltrate Or evaporate. lost Oof the
perimeter of the piles slopes 2ack toward the center, keeping water from

canning off the :ides. heve water Joes reach the edge, it infiltrates

irmediately into the cearse runble cn the side slopes.




The storm response of all the stockpiles studie’ is entively interfliow.
Continucus flow vecords for the M-8 watershed show broad, low hydrograph
peaks. The maximum flow observed from 1976 through 1:.8 was 5.3 cfs, and
typical peak flows were in the range of 1 to 1.5 cfs. By comparison,

two undisturbed watersheds of similar size on the North Shore of Lake
Superior had flows of 23, 16, 110, 14, 20 and 67 cfs during 1977 (Wolford,
1978). The main peak of EM-S hydrographs occurred I2 to 32 hours after

the centroid of the rain event, compared with 2 to 7 hours for the undis-
turbed watersheds. Such broad, low responses may be intrinsic to stockpiles.
Percolation through the stockpiles material helps delay the arrival of nu-

off, and the nunerous flow paths through the heterogeneous riass probably tends

to smear out the runcff peak. Interflov has accounted for only 20 to 0l%
cf the total yield from individual storms. The rest of the runcoff goes
into storage, reducing peak flows and helping sustain high base flows

tetween stormms.

The stockpiles at Erie have a higher storage capacity than natural watersheds
in and near the study area. The recession curve for the EM-8 watershed is
much more gradual than those of Wolford's (1978) watersheds on the Nortn
Shore. Base flows at EM-3 and Seep 3 were at least an order of magnitude
higher than those of the North Shore watersheds during comparable periods.

Base flows of the EM-S and Seep 3 watersheds during the extremely dry pericd

from July through November of 1976 were better sustained than flows of

tharee iarger natural watarsheds in the study area.

Storage in the stockpiles is thougat to occur primarily within a saturated

zone at the base of the piles. The M-8 watershed 2ls0 stores water in the

sump and surficial material upstream of the 3011 stockpile. Siplified

- 1“9 -



- models of groundwater flow through the 3011 stockpile yielded an estimated
permeability of 0.1 to 1.0 cm./sec. Flow velocity was calculated to be 7
SEE to 70 ft/day, giving a travel time of 170 to 17 days. Formation of grouncwater

. mounds within stockpiles depends on the presence of low permeability material -
underlying the piles.




Recormendations for Fuither Study

The following are thought to be useful areas for further study:

1.

(v
.

Check for seepage frum other stockpiles on the Iron Range. For
those with ", _uiface seepage, a few could be checked for evidence
of seepage to groundwater.

Pump the surmp upstream of the 8011 stockpile to isclate the effect

W

of the stockpile from those of the upstream watershed.

Establish continuous flow records at seep 3 to provide a second, well
defined stockpile watershed.

Drill holes into one of the Erie stockpiles to check for internal
layering, perched water table conditions, lateral flow over impeding
beds, dry zones and the thickness of the saturated zone at the base
of the nile.

Perfonn travel time studies from the sump upstream of the 8011 pile
1':0 the seep at EM-5.

Establish vegetation on a hydrologically well characterized stockpile
and determine the effects on rumoff behavior.

Collect better temperature data from EM-9 and seep 3.

Make further comparisons of the EM-8 and seep 3 watershed: with small

natural watersheds in the study area.
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