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| Executive Summary | 

This modeling report predicts the impacts of contemplated _ 

open pit copper mining and reclamation plans on the water 

resources of the area. The main purposes of the impact analysis | 

were to 1) predict what the mining and reclamation plans of the 

Kennecott Flambeau Project would likely do to the water table in 

the area aquifers; 2) predict what the groundwater inflow rates 

would likely be into the open pit during and after the mining 

activities; 3) make estimates of the changes in groundwater flow 

rates to the Flambeau River and Meadowbrook Creek due to the 

mining/reclamation plans; 4) make estimates of the changes in _ 

groundwater flow rates connected to the wetlands of the area; and 

5)present the results of a sensitivity analysis on selected high 

and low aquifer parameters on the above four project purposes. 

| The groundwater model was assembled by inputting field data 

collected and analyzed by Foth & Van Dyke of Green Bay, Wisconsin 

and fully described in the Environmental Impact Report. A 

modification of the computer program called PLASM was used to 

predict groundwater conditions during premining, mining, 

reclamation, and post reclamation. | , 

Ten wetlands were analyzed to determine if mine dewatering 

woulda affect them. Out of the ten wetlands analyzed, only five 

were affected by the mining activities. A table is presented 

below summarizing the premining, mining/reclamation, and post 

reclamation steady-state groundwater flows in the affected 

wetlands. | | | | | 

Summary Table of Groundwater Flow Rates to the Mining Pit, 

Wetlands, and Surface Waters near the Kennecott Copper Mine 

(Using Best Engineering Judgement Aquifer Parameters) 

All values below are in gallons per minute (gpm) | 

| Minimums | 
End of During Post 

Item Premining Mining Reclamation Reclamation 

| Wetland 1 1.5 0.0 0.0 0.6 

Wetland 2 1.4 0.0 0.0 0.7 

Wetland 5 1.3 0.3 0.3 1.1 

Wetland 6 0.1 0.05 0.03 | 0.1 

Wetland 9 2.2 2.2 2.1 2.2 

Meadowbrook 19.4 19.4 19.4 19.5 | 

Flambeau 60.8 46.8* -<—=- 60.5 

(adj /mine) 

Peak Pit inflow at start of mining is about 296 gpm 

Pit inflow at end of mining is about 110 gpm 

*An additional 46.8 gallons per minute is being infiltrated 

toward the mine by induced infiltration from Flambeau River. 

| vi



The maximum extent of the drawdowns caused by pit dewatering 

occurs shortly after the end of mining. The extent of the 

Grawdown covers approximately the area about 1800 feet either 

side of a line from the Flambeau River to about 5400 feet 

northeastward of the river. The alignment of this line is in the 

same direction as that of the final pit. | 

An analysis of the groundwater flows in the vicinity of the 

mine indicates premining flows through the main permeable 

portions of the orebody of only about 4 gallons per minute. Post 

reclamation groundwater flows through selected parts of the 

reclaimed backfill materials and remaining deeper orebody 

deposits total about 6 gallons per minute. 

Meaningful residual effects of the mining and reclamation 

activities are small and include small depressions in the water 

table in the immediate vicinity of the reclaimed area and 

slightly smaller groundwater runoff to nearby wetlands 1 and 2. 
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I. Introduction | 

| Thomas A. Prickett and Associates, Inc. in cooperation 

with Engineering Technologies Associates, Inc. were hired to 

construct a groundwater model of the area in the vicinity of 

the Kennecott Flambeau Project. The main purpose of this 

model was to aid in understanding the groundwater conditions 

at the mine site and to predict the future impacts of mine 

dewatering and reclamation on the surrounding aquifers, 

wells and wetlands. | 

This work assignment started in the month of April 1989 

from the ending point of field data collection and aquifer- 

mapping work accomplished by Foth and Van Dyke of Green Bay, | 

: Wisconsin. This data base and mapping work formed the major | 

part of the input to the groundwater model of this report. | 

Numerous meetings were held among Kennecott personnel, 

Foth and Van Dyke, the Wisconsin Department of Natural 

Resources and associated agencies, and Prickett & Associates 

prior to initiating the modeling work. The purpose of the> 

model, the scheduling of the work, and the staffing of this 

study were discussed in detail. 

The written discussion below outlines the main purpose 

and scope of the work that this modeling assignment 

encompasses, includes a short description of the modeling 

theory and design, a detailed presentation of the basic data 

base used as the input to this analysis, the calibration 

procedures of comparing the model response to the field 

measured aquifer response, and the estimated impacts the 

contemplated mining and reclamation plans would have on the | 

nearby groundwater, surface water resources, and wetland 

areas. | 
| 

A. Purpose and Scope of Work 

The purpose of this modeling assignment was to predict 

the impacts of contemplated open pit copper mining and 

: reclamation plans on the water resources of the area. — | 

Figure 1 outlines the general area of the project including 

the mining site and the surrounding area near Ladysmith, 

Wisconsin. | | | 

The overall scope of work involved incorporating field 

data and mapping results of Foth and Van Dyke into a © 

groundwater computer model of the area, using that model to 

analyze the mining and reclamation plan impacts, and then 

summarizing the results of that analysis. 

| | 1



| 7 | 7 og ~ Nie \ 6 ram), advemin — — ea — ~ Si 
we/’ Vf -. aL 3 im | ree Ge _ ~ " aa | ; So ¥ 1139 Aoady ml a or “eu _ je “ - “yey at. 4 . e Weiou o Se StS EE ee 3 ~* ‘ oe» * 

fF 1 ie wee Gly om pac \ i Th. _° RIVER ONES |. 27 Rabe = a l= we . 27 ABA Se aoe Po. eee. ™“ Tower> 1 *. \s,¢f, 7 . f\ , Radio Tower 1 . .? ie j Yo | oy 
. al . 7 e . ot fit 7. do aWwEDY) " Tea ele N Leeoersor\y AVES a . . — TT '.. 0% 

a! S : J ~ ” 7 yo 1 O . 2 === =P . _ we . . F. Pers oy! = 

-* . Uiger e eS mT cone 6 all | i ,~* ZCourthap a. ; ~ |, rare . Se / 
P . ‘TI o ta, eoes es we “8 =p = me) St teh = So} = ~ ~Ts ; > = be 

- : ‘ . mate \ ~ — . : ‘ : ‘ : a in a —_ STO : rcah ta. &. | ’ oa : ics Ss. . _- = §00'> nen e _ pal aoe . ah : @-e ve ” ~ ap —-~_) fh - — 7 a Trajler <n oT BM 424aN fae ) tt 4 7 ; . - fe * li ine 
J ‘ Ha: . Noo Park AA NEE Smee: FRITE | AWE © Hoot ; = = \ | SS rn  , ; | : if 
eo © aft Set ty -« gee ar — _— oe Pe = ~~ can 7 > a Sch SS. ee _> 0 ‘ ee a - i i“ i foi Fe ee . ~~. TT a aa -_ ee he . ~ : ‘ "8 . eee . hog 'a | / { .e | yp “gg "e f , f ay a 

~ the G RAN RT et Four Cai of Seer Oh Fas ee Ne A , ' ~~ O ; oo ~ _. ee, T- 7 “mesex- - gh. .07™ ve \. ‘ 8 ’ a f ° z,° ~U PX : 

ler i “—=,0 ( S ree ae’ on - ™. Ao ; ~ — t ‘ 0 i bet! 7 ’ ~~ - [al — ROT Ss peel: ony -\ Corbett “\ so} Ht gmaeecremtih Eras iste DP RS - of .  Eigas oss |: Gravel , . ch mye n PP Sch ce VE ye Se oo) weal ~~ ; > me ™ om TENS Pw”* { Neste lnke . 3 11nd See one, pst > Paint swe of | wae - Z —_. 

aay e. a ye oe ' ALT, : f Se ri Va 14438" fe f e rea enn f= LE Py ap SQ Wee. Soll DLA ST LS) EG Nee -ue cetee 

we Btw | | boc eeesecenee dS r a saw ave 2 —h Pen NT "4.\° e * re c oo : hS ‘ ; * | X | . ~~ . ‘d “ ——s ~ ar 7. 74 =_ (G é x - i! , oe 3 wel 1 -. wt we { i ' af eo f J /, . - . —_- . "e ar : 1 * | nn / ~ Pim + ene ‘_- Nee ese tet — — ut / & . . ° ve a 7 | °°, = — . Bg Mt Senario 7 cr _ j * vor \\ eacties AVE ~ ye, * ° re "e . | j sy, College Cem: wv .. o0 aere es -t SS SS ee . ‘ . oe 22 t—| ; 2% . wee A ; _# . . a . coef ete. < 2: fea age Disposat : ake - —Y - ~ g ‘ i - ~~» = S77 —: : A /. ° - =< . Lo DT ge - , ° . : . | 

~: Ladysmith |>>-- oar —~ _ 400 . re SANS ot Se , IS bes i em VIR AS -" e ‘ e foey ‘ —— ae .- . ‘ . a —_ ee eee — oy ” \ : . 4 - 
‘€ J Ao = qe SET sifocns . . “ — ofr SO ee eee HH ~ / 

. a ” = ; a °. . : “. : eo. 
. . roe . ® | 

. ; ‘ . cu . 
5 fo 3. | Dh 

yO J § mT £° . . 1156 ; rl ef ‘ . a; . oo \, . f of Se, 5 1 Chee 
alae , Gravel ee ee . " " | moo. eo oe eS SS SS Sr] —~/ 2 | : - ot _~ 4 “, = ‘ . eC a Soe ee ‘| ed Oe ae " | -. Ye om os (a ee ° - | w~N e ‘ Te wb DB So fees AIL, PROJECT AREA jr _ is? 

y} Ye a ok > BOUNDARY -. or, —. SN NN CoH Ga es EBT _ 4 7 OL SO ‘ g}\-\: 9 “imine ~  S > j _ Y LL . | 
ode MPT i Se MINING _ oy - 7 J " ; an \ ene COUN SS ge , . _ | _ f' i = \ Oe SHE = 8 | M, WO. ~ St ee" > BEAN Cerin A Q@ 7 | ft - | | 

ce ee. HOP 0 Nie o/ oy 4 a _ \ | “2 PVN Ale rd oo" of | NoHo sa “. rr, ON | - L - ot / : MoT ENO ROY il ee Ae: | Cem - Vo: "S ING FOES SEE SE ie / > . . jo? - _ \ VN B® KLE A dS Se | 7 + 169 TN on NR NEE ts A ee yt yo \ . : / . ON ee ee eee . are , aE Ne \ yy eo.) 8 | BRE 1187 io . (- 7 : \ . . e . “. , . 
! \ . —~\ \ c..\. .. . 

a =. | PL \ \ 1 i | | ~~ oD - 7 Loo te \ \ yA . : pe. ae " / 3 ‘ — : / | - oot . | G > N\ no) “ \ - re ~ - Wo, \ — . — oo = ) a . Ss Cy ‘ \ \ ‘ ' a. . ~ A : oy, _ 

O} : , oN m3 4 . 3 _ aw — Ne ' O ° _ e -* \ at 
_ \ % £ + ‘To. ~ ee Ne . . an = N“ ‘y ~ ~ .. , 36 ( pi4 ~ : ls < ce Ge - =. 

: XY / / ; ; a ‘73s ~ . . “t . Jf ‘67 
to 

“ / 
° ” . 

. 
F169 BA vA ~~ ce |, Se | » . ; : _ oe 1. * /[ \ 

- - -. - - -_- ES a oo -_ o. I _ | . . . NY o 
. le. -— ‘ ee _ e ‘ /, TSR OS SC 4 TT SY : _ eee sathaan, a “ : NX / . - ‘ et 

| SE . ; . ~\ . ¢ . -. d 

- ‘ J» aS ; ‘ —_ 

~ | “ A. mY | . 4 Cole BM 1157 7. 
- ( _ x \ wo ‘ \, \ . e _ —_. 

_ ~ . \ +1666 ~ = en , a - ies © _\. Pe me See fe aii. ins —<—__F Townhall 4163 \ / i re ~ wd Lee : 
; ‘ 

. to 00 f 

Figure 1 Sc 

Project Area



The main purposes of this modeling exercise falls into the | 

following five categories of impacts: | 

1) Predict the drawdown that the mining and | 

| reclamation plans would cause in the area 

aquifers. These drawdowns would be expressed in © 

terms of water-table drawdowns, both in areal | | 

extent and giving consideration to the timing of 

the various mining/reclamation activities. 

2) Predict what the groundwater inflow rates would 

| likely be in the open pit during the mining | 

activities, including the time variations over the 

| life of the mine. 

| 3) Make estimates of the changes in groundwater flow 

a rates that are likely to be experienced either 

going to or coming from the Flambeau River and 

Meadowbrook Creek due to the mining/reclamation 

| plans. | 

4) Make estimates of the changes in groundwater flow 

rates that are likely to occur in connection with 

the wetlands of the area, again, as a function of | 

, the mining/reclamation plans. | 

5) And finally, display the limits of uncertainty in 

| the above estimates via a sensitivity analysis of © 

major aquifer parameters including high and low 

combinations of aquifer permeabilities and 

groundwater recharge rates. 

| In addition to the above five categories of analyses, the 

scope of work included keeping basic computer files of data 

and results as the analysis took place. Although not | 

everything was kept, most starting and major ending | 

positions, aquifer parameters (node for node values), and 

resulting water-table histories were to be formed and saved 

in computer disk format for future reference. In this 

fashion, if anyone would like to change parameters, review 

, aquifer results, or combine special area water balance 

information not previously enumerated, then at least several 

outputs and starting positions would be available to short 

cut reanalysis or making new calculations. 

B. Acknowledgements | 

Several firms, groups, and people were instrumental in 

assembling the work done herein. We would like to 

acknowledge the help from Kennecott representatives Larry 

Mercando and Steve Richtel who provided basic data and 

mining/reclamation information on demand. 
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Probably the most comprehensive data input information 

and patience came from Boyd Possin and Fred Doran of Foth 

and Van Dyke---their help and suggestions were greatly 

appreciated throughout this modeling project. The data 

base, in both map and machine readable form was compiled by 

| Foth and Van Dyke. Mr. Doran spent months of hard work ; 

prior to the modeling effort putting the basic data | 

together. His work was superior and provided the initial 

input to this modeling exercise. Without those data, and in 

the excellent form that they were, this project would have 

been postponed significantly. | oe | 

We want to point out that Tom Prickett was the major | 

project director in this effort. Mr. Donald Koch, of 

| Engineering Technologies Associates was the major computer 

analyst. Mr. Koch's work forms the major part of this 

report. Joe Yano and Peter Mattejat of Engineering 

Technologies Associates assisted Mr. Koch in the computer 

modeling effort. 
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II. Model Capabilities and Theory. | 

A. The PLASM Flow Model | 

The model used in this assignment is the two- | 

dimensional flow model called the Prickett-Lonnquist Aquifer 

Simulation Model (PLASM) (see Prickett and Lonnquist, 1971). 

This model was modified to account for the vertically 

varying hydraulic conductivities of the Flambeau project | | 

area, the interaction of the groundwater table and the - 

wetland areas, the mining plan, and the reclamation plan. 

The details of each of these modifications follows in this 

| section of the report. | 

The overall capabilities of the PLASM model include the | 

following features: | | | . 

1) Heterogeneous two-dimensional aquifer with | | 

groundwater recharge, evapotranspiration, 

| leakance, flow from springs and net withdrawal 

| rate features. a : 

2) The transmissivity at every node of the model is : 

calculated as a function of the depth of flow and 

) an appropriate function of hydraulic conductivity 

(permeability) distribution keyed to the 

| hydrogeology of the area. An explanation of this 

is given in the section below on PLASM 

modification details. 

3) Boundaries of the model have the capability of no_ 

flow (modeled by zero leakance) on up to constant 

head via high leakance. | 

4) River and creek nodes are handled by riverbed 

leakance/river level/bottom elevation control as 

outlined in Prickett and Lonnquist, 1971. 

5) Special water balance output on model edges, 

selected wetland areas, Flambeau River sections, : 

Meadowbrook Creek, and pit inflow rates. 

| 6) Special printout of water levels in category 

| printout form, disk file storage capabilities for 

selected water level and aquifer parameter arrays, 

node for node arrays of water outlet flow rates of 

_ the model. 

The PLASM model is a standard "finite-difference" 

formulation of the equations of groundwater flow. The | 

inputs to the model are the aquifer properties, the wetland 

relationships to the groundwater reservoir, the connections 

between the rivers and creeks to the aquifer under study, 

the mining and reclamation plans (including permeability of 

5



the reclaimed materials), and the groundwater recharge rates 

expected in the area. The main outputs are time related 

estimates of the elevation of water- levels of the aquifer | 

under study and the rates of groundwater flow throughout the 

aquifer. 

The solution of the equations of flow is accomplished 

with the aid of a computer. In this study, an Everex 386/20 

Mhz machine in the Engineering Technologies Associates and a 

Compaq 386 computer in the Prickett & Associates offices 

were used to organize and make the computations of water 

levels and flow rates of the model area. | 

| The source code of the PLASM model, with modifications, 

is called BALPOND.BAS and is presented in Appendix A of this 

report. The reader should have this Appendix A available 

while studying the next few paragraphs. | 

The details of the modifications to the above model 

description is included in the following section. 

B. Major Modifications of the PLASM Model 

For This Project 

The original PLASM model was designed for studying the 

typical aquifer development and water level impact problems 

associated with wells pumping in a heterogeneous aquifer 

with various hydrologic and complex geometric shape boundary 

conditions. Modifications were made to PLASM to simulate 

the mining and reclamation plan, its timing, and the 

wetlands. | | , 

First, the vertical distribution of permeable 

materials in this project area was more complex than the 

basic PLASM was originally programmed to handle. Second, 

special input/output data routines were needed to handle the 

massive data requirements related to this project. Third, 

the interest in wetland area, river and creek, and model 

edge flow information required modifications to PLASM to 

keep track and printout special water balances. Fourth, 

special preprocessing and post processing routines were 

needed to manipulate and evaluate the model data. In 

particular, the processing codes helped printout and compare 

model predicted water levels with those actually measured in 

the aquifer under study. The details of these four 

modification areas are described now. | 

1) Transmissivity ana Storage Coefficient Functions 

: There has been sufficient information generated by Foth 

and Van Dyke that indicate variations in permeable deposits 

with depth of flow. These data indicate that vertical 

distribution of permeability (hydraulic conductivity) can be 

broken into three main types from top to bottom: First, | 

| 6



there are glacial/fluvial materials composed of sands, 

gravels, or tills; second, there is a sandstone unit (SS); 

and third there are the bedrock materials composed of the | 

orebody itself and the slightly permeable surrounding © 

Precambrian rocks (PC) which extend over the entire project 

area. The vertical integration of these permeable deposits 

was accounted for in the model by summing the transmission 

properties as a function of depth of flow and the 

thicknesses of the appropriate individual deposit, node by 

node, for the entire modeled area. | 

| Therefore, the PLASM model was modified to make these 

integrated calculations given the permeability distributions 

dictated by the basic data as outlined by Foth and Van Dyke. 

Reference should now be directed to Figure 2. 

Figure 2 illustrates three typical curves of , 

transmissivity versus water-level elevation for three nodes 

of the computer model for different areas of the project 

area including Figure 2A which shows a typical vertical 

sequence of Precambrian rocks overlayed by sandstone and 

till. Figure 2B illustrates the transmissivity function for 

a sequence of orebody footwall or hanging wall deposits 

overlayed by sandstone and till deposits. Finally Figure 2C 

shows how transmissivity varies in an area where ordinary | 

Precambrian rocks are overlayed by sandstone and sands and 

gravels. : , | 

In each of the graphs in Figure 2, the transmissivity 

goes from zero when the water-level elevations are below 860 

feet. As the water-level elevation increases, the _ 

transmissivity increases according to the permeability 

(hydraulic conductivity) of the saturated materials and the 

depth of flow. The computer was programuea to test for 

water-level elevation and then integrating (or summing up) 

the specified material thickness and permeabilities below 

that elevation. The results are aquifer transmissivities 

- for each node of the model according to local permeability 

and saturated thickness of the multiple formations below the | 

water table. Any changes in permeability, with time, are 

accounted for as the reclamation plan is completed. | 

| | Refer to the model code in Appendix A. The coding in 

lines 1490 through 1656 indicate the details of the 

transmissivity calculations. , | | | 

| Furthermore, as the water levels change, the 

appropriate storage coefficients ave aCcounved for. Tiiose 

changes are dictated by testing for the elevation of the 

water level and assigning the appropriate storage | 

coefficient. The calibrated storage coefficients for the 

unconsolidated and bedrock formations are imbedded in the 

code within the lines 1490 through 1656 as well. 

7
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The storage coefficient values are given here as a sneak 

preview of the calibration results discussed later in this 

report. The storage coefficients for water-table conditions | 

| for the glacial, sandstone, orebody, and precambrian rocks 

are 0.05, .1, .05, and 0.001 respectively. The reclaimed 

storage coefficients are .1 and 01 for the types I and II | 

materials, and the saprolite materials respectively. | 

2) Input/Output Routines | | | 

Modifications were made to the original PLASM model to 

allow interactive input, retrieval and running a text-edited 

data input file, and to save and retrieve any present 

| position RESTART data file set. In addition, water-level, 

or head data for each time step, can be saved to disk for 

mapping with Golden Software or Prickett & Associates 

software. All of these routines were necessary to save and 

restart modeling efforts as the project calculations 

progressed. The reader can refer to subroutines in lines 

- beyond 7140 and 4280 of the program source code of Appendix 

A for the details of how this is done. 

In addition, the subroutine given in lines beyond 7140 > 

gives the format of the input and output Gata that the | 

reader will be reviewing in a later part of this report. 

For example, see the Appendix B listing of the calibration 

data results and input data. 

Finally, an output routine has been written to memorize 

exit and entrant groundwater flow rates for each node of the 

model for each time step of all model runs. The reader can 

observe the major coding for this output routine near line 

2750 and near line 3040 of the Appendix A source code. | 

3) Wetland Impact Theory 

One of the prime interests of this assignment was to 

monitor and be aware of any changes in the groundwater flows 

of the area in relation to the wetlands. Any changes of 

the groundwater flowing to the wetlands due to mining or 

reclamation would be calculated and summarized. This 

situation was studied and programmed into the computer in 

| the following manner. | 

King (1983) made a detailed study of the hydrologic 

- palance of the project area and determined the following 

wetland field conditions. First, he calculated that there 

is a groundwater component feeding any wetland when the | 

water table is within 3.5 feet of the land surface. If the 

water table is at a depth below 3.5 feet from the land 

surface, then the upward groundwater flow ceases and thus 

this component of the wetland hydrologic balance becomes , 

isolated from the wetland. Thus, changes in groundwater 

| 9 |



levels below the 3.5 foot level do not affect the wetland 

hydrology. | | 

If the water table is closer to the land surface than ~ | 

this 3.5 feet limit, then the groundwater reservoir 

contributes water to the wetland--including all of the cases 

up to the situation when springs occur when groundwater runs 

off at the land surface. As the water table approaches the 

level of the land surface, the upward rate of groundwater 

flow increases to a limit of 22 inches/year of water. This 

22 inch rate of upward flow from the groundwater reservoir 

represents the potential evapotranspiration rate from the 

groundwater reservoir to the wetland for the case when the 

groundwater levels would be at the land surface. 

A final component of groundwater flow exchange between 

the wetlands and the underlying aquifers is the downward 

recharge rate due to precipitation or ponded water at the 

land surface. As this rate is dependent upon climatic 

conditions and soil permeability and slope, the groundwater 

- -yecharge rate is determined by calibration of the computer | 

model rates and comparing the water-table levels in the | | 

computer model with those actually measured in the field. 

A pictorial and mathematical representation of the King 

results and theory is shown in Figure 3. The groundwater 

exchange rate mechanism is seen to be a summation of the 

upward component of groundwater flow (Part IIl of Figure 3) 

when water levels are within 3.5 feet of the land surface | 

and the downward component of groundwater recharge through 

the bottom of the wetland. The upward component of 

groundwater flow, taken by itself is shown as in Part I of 

Figure 3. The downvwerd groundwater recharge rate from the 

wetland is shown in Part II of Figure 3. 

The consistent theory throughout this project and 

previous studies (particularly King's work) points to the | 

3.5 foot depth of the water table as the lower limit of the | 

connection of groundwater flow to the wetlands. However, 

other interested agencies (DNR as an example) have asked for 

a sensitivity analysis based on a 10 foot depth of the water 

table. Therefore, that explains why the reader finds two 

sloping lines in Figure 3, one for the 3.5-foot depth and 

the other one for a 10-foot depth. 

As it turns out, the original PLASM model had this 

grovundweter/wotland froetion jncludeda jin it as one af ite 

Standard features. The only addition to the PLASM code was 

a need to print out, for each wetland area of interest, the 

flow rate interchange values. This necessity was arranged 

via the water balance printouts explained in the next 

section of this report. | | 

10 | |
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The general rule holds that all nodes of the model 

(except those associated with external boundaries, fivers, 

or creeks) have the 3.5 foot theory applied to them whether 

or not a water balance is printed. 
| 

4) Water Balance Printouts 

The PLASM code was further modified to allow printout 

of several types of water balances and flow rates. In most 

cases, the flow rates of interest were calculated by | 

summing, via Darcy-law type equations, the flows of 

interest. In the case of storage and groundwater recharge 

- yxates, the basic equations of flow were used to sum up those 

| categories of the water balance. The computer code to 

| accomplish printout of the special interest flows is given 

between lines 2720 and 3667 of the PLASM program of Appendix 

A. 

To enumerate, the leakance values at the nodes of the 

model (model edges, Flambeau River and Meadowbrook Creek 

sections) allowed flow calculations out or into the aquifer | 

along those lines. Balances were produced for the first and 

last columns and rows of the model plus three sections of 

the Flambeau River and three sections of Meadowbrook Creek. 

Furthermore, the first 10 wetland areas (see humic soil 

| delineation on Exhibit 1) were included in water balance 

printouts. The wetland area water balance results were | 

calculated from summation routines spoken of in the wetland 

theory section above and the mathematical curves of Figure | 

3. 

As a check on the total model numerics and equation 

| solving accuracy, a global water balance was calculated and 

a mass balance of flows in and out of the model compared 

with change in storage was assembled. In this particular 

respect most global mass balances account for much greater | 

than 99 percent of the water circulating in the project 

area. 
| 

5) Preprocessing and Post Processing Codes 

Several additional modifications were made to the PLASM 

program. A special category printout routine was written to _ 

display the model heads in a graphic format. The category _ 

printout is a symbolic representation of the water-table | 

elevations in the aquifer. The coding for this modification 

is given in the Appenaix 4 PLAS proyran within lines 3710 

through 3860. , | | | | , 

According to the category printout of water-table 

levels, a symbol is printed for each node of the model. The 

- symbol represents a range of groundwater levels. The 

symbols used in the category printout for this version of 

the model are: | | 

: 12



Printed Symbol When Water Table is less than (ft) 

, . ! 900 | . 

| @ 905. 

# -910 | 

S 915 
% 920 

“ 925 

& | 930 

( 935 

) 940 

_ 945 
7 1 950 

2 955 

3 960 

4 965 | | 
| 5 970 

6 975 

7 980 

| : 8. 985 

9 990 

0 | 995 

| A 1000 | | 
B | 1005 

Cc 1010 | , 

Dd | 1015 

E | 1020 | | | 

| F 1025 | 
G 1030 : 

| H 1035 

- I 1040 | 

| | J 1045 
|  K 1050 | Oo 

| L 1055 

M (1060 | 
| N 1065 

O 1070 

: P 1075 | 

Q 1080 

R | 1085 | 
S 1090 

T 1095 , 
U 1100 | 

V 1105 

| W 1110 | | | 

x 1115 | | 

Y | 1120 

Zz | 1125 
< 1430 

> 1135 | 
° 1140 | 

/ 1145 

1150 
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Finally, a computer program for calibrating the model 

was also prepared. This program, called HEADSTAT reads in 

the heads predicted by the model, compares them to the 

actual measured observation well water level elevations, and 

computes the average difference and the standard deviation 

of those differences about the mean. This program allows 

evaluation of the goodness of fit of the model compared with 

the actual field measured data. This HEADSTAT program | 

source code is given in Appendix C. 
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III. Basic Data Set for Model | 

| The basic data on aquifer parameters were assembled by | 

Foth & Van Dyke based on their field data. Foth & Van Dyke 

had constructed a preliminary groundwater model which was 

based upon a gridded area measuring 68 columns by 79 rows by 

4 layers deep. This accounting system grid covered an area 

of approximately 8500 feet wide by about 10000 feet in 

length from the water table downward to a rock elevation of 

about 860 feet. Based upon a Foth & Van Dyke study of the 
hydrologic system, the formations below an elevation of 860 

feet were assumed to be essentially impermeable and thus 

formed the bottom of the flow system under study here. The 

area mapped by Foth & Van Dyke was the same area modeled by 

the PLASM model of this report as shown in the PLASM grid 

configuration of Exhibit 1. 

Foth and Van Dyke had assembled their data in this area 

and included positional elevations of the glacial/fluvial | 

) deposits, the sandstone unit, the orebody, the remaining 

- bedrock, and the land-surface topography. Furthermore, they 

had analyzed field information on deposit permeabilities, | 

groundwater recharge rates, and storage coefficients. Their 

data base also included Flambeau River and Meadowbrook Creek | 

surface-water levels, plus estimates of model edge water- 

table elevations. Finally, a table of piezometer and 
observation well water level elevations and their locations | 

were included that provided the basic model calibration 
target data base. ) 

Based upon the Foth & Van Dyke gridded data base, a 
PLASM grid was chosen that would allow adequate 
representation of the Kennecott mining and reclamation plan 
impacts. The results of an analysis of the hydrologic 
system, the numeric requirements concerning likely area and 

Gistance impacts, and the detail required by the involved > 
agencies, the grid intervals shown in Exhibit 1 were 
specified. All of the grid intervals are less than 200 feet 

on a side and gridding details as small as 50 by 100 feet . 

are used near the mining and reclamation activities in the 

center of the modeled area. | 

After the PLASM grid system was specified, then the 
process of inputting the Foth & Van Dyke gridded data was 
initiated. The following section of this report gives a 
brief description of how that was accomplished. _ 

A. Transformation of Foth & Van Dyke Data to the PLASM 
Grid 

The Foth & Van Dyke data base was displayed on a 68 by 
79 column and row grid system. The chosen PLASM grid system 
contained 63 columns by 64 rows as shown in Exhibit 1. Asa 

15



reminder, the Foth & Van Dyke gridded area was the same as | 

- the PLASM area. - a 

The transfer of data was accomplished by several 

techniques, one of which involved the Golden Software 

(package called SURFER, version 4.0, 1989) gridding and 

contouring routines. The following general procedure was 

used to load the Foth & Van Dyke data base into the PLASM 

model grid: 

1) + Each Foth & Van Dyke parameter was gridded using | 

| the Golden Software SURFER code called GRID on a 

uniform 50-foot grid basis. The parameters 

gridded were the hydraulic conductivities of the 

glacial materials (top layer) and the sandstone 

(second layer) aquifer, the bottom elevations of 

| the glacial and sandstone aquifers, and the land- 

| surface topography. An ASCII format grid file was 

created. Golden Software's kriging algorithm was 

| used in this process. | 

2) The ASCII grid data was converted to a column, 

| row, elevation format using the GRIDTODAT computer 

program given in Appendix D. | 

3) The column, row, and elevation data were 

transformed into the PLASM model array format 

using the Engineering Technologies Associates 

program called GRID (See Appendix E). Since the 

Gata were gridded to a constant interval of 

50 feet, and the PLASM grid intervals were all at 

| even multiples of 50 feet, it was possible to 

select the model column and row values from the 

output of the Golden Software GRID program. 

4) The model arrays were then read into the PLASM 

program using a special version of the PLASM 

program modified to read the data generated from 

| steps 1 through 3 above. The relevant section of 

the PLASM program code is shown in Appendix F. A | 

PLASM external file was saved after reading 

in these arrays. 

5) The above procedure was modified for inputting the 

groundwater recharge arre,. The procedure 

compared the PLASM grid to the Foth & Van Dyke 

model grid and the recharge value of the Foth & 

Van byke modei nearest to the FLASM mouel grid 

node was used. This procedure avoided 

problems of interpolation inherent with Golden 

Software in regions containing sharp differences 

in grid parameters. | 

: 16



6) The leakance terms of the PLASM nodes different 

| than the model boundaries, rivers, and creeks were 

set according to the Figure 3 straight-line slope 

related to the 3.5 foot wetland function and the | 

| local land-surface elevation array. 

-B. Display of PLASM Input Data | 

| Exhibit 2 is a contour plot of the top of the sandstone 

aquifer (elevation of the bottom of the glacial aquifer). © 

Exhibit 3 is a contour plot of the top of the bedrock | 

(elevation of the bottom of the sandstone aquifer). Exhibit 

4 shows the land surface topography. These values were not 

changed during the calibration procedures discussed below. 

The permeability of the glacial/fluvial and sandstone | 

materials were input to the PLASM model from the above 

procedure but only as initial starting points in the model 

calibration process. The contoured hydraulic conductivities 

of these deposits are given later in this report as | 

calibration results. | 

17



Iv. Model Calibration Procedures and Model Results | 

The following section describes how the PLASM model was | 

| calibrated to the average water levels measured in the field | 

| (average calculated for the period December 1987 through 

, November 1988). The calibration process results in the best | 

engineering judgement (BEJ) values for all of the 

groundwater flow parameters that are controlling the | 

groundwaters in the project area. A discussion and display 

of the calibration results is followed, however, by the 

- - results of a sensitivity analysis wherein a range of aquifer 

parameters, including permeability, groundwater recharge, 

and depth of groundwater/wetland communication were tested | 

| and compared with the BEJ hydrologic system parameters 

obtained from calibration. | 

This section is thus broken into three sections of — 

procedures, best engineering judgement parameter results, 

and sensitivity analyses. 

| A. Calibration Procedure | 

PLASM was calibrated by running the model to steady 

state with reasonable estimates of aquifer parameters and | | 

comparing the predicted heads to the average actual | 

observation well water level measurements. This procedure 

was repeated numerous times until the fit of the model to 

the field data was deemed adequate. The model parameters 

adjusted during the calibration process were glacial and 

sandstone permeabilities and specific yields, river and 

creek leakances, and groundwater recharge rates. Based on 

our experience in Wisconsin and other areas : 

| hydrogeologically similar to this project, an upper limit of 

8 inches per year of groundwater recharge was assumed. 

Water balance results were inspected throughout the 

calibration procedure for reasonableness. There were no 

quantitative discharge data that could be used in the model 

calibration process. 

| B. Best Engineering Judgement Calibration Results 

| 1) Water Levels in Piezometers | 

Table 1 shows the results of the model calibration. | 

| The average difference between predicted and actual head is 

negligible and the standard deviation is 2.08 feet. Two 

wells were excluaea trom the statistical comparison. Well 

PZ-SP6 had an average water level 10.9 feet above the water 

level predicted by the model. Well OW-7 had an average 

water level 8.2 feet above the water level predicted by the 

model. These wells are anomalies and are either completed 
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TABLE 1 

FLAMBFAU MINE PROJECT - STEADY STATE CALIBRATION 

WELL NAME I J MODEL WELL DIFFERENCE 

1001 20 38 1111.278 1112.48 -1.202271 

1002 34 14 1090.583 1089.99 -5935059 

1004 24 26 1105.702 1108.58 ~-2.878296 

1005 40 41 1138.336 1137.91 ~4257813 a 

1006G 46 35 1130.496 1133.4 -2.904175 

10 26 22 1098.853 1093.76 5.092773 

12 35 22 1106.229 1108.58 -2.350586 

14 44 21 1117.947 1121.12 -3.172729 

31, 20 25 1098.079 1095.9 2.178833 | 

36 23 22 1093.091 1095.88 -2.789063 

39 19 35 1101.551 1099.06 2.490601 

40 18 #32 1097.684 1095.28 2.403931 

41 17 30 1096.307 1095.6 ~ 7073975 

42 18 25 1096.093 1094.08 2.012573 

43 16 20 1086.43 1087.41 -—.9802246 | 

45 30 16 1090.118 1092.23 -2.112427 | | 

2 35 31 1113.505 1112.47 1.034912 

19A 23 29 1105.309 1108.63 <-3.321045 

23 34 34 1113.664 1115.62 -1.955566 | 

26 22 35 1107.027 1108.94  -1.912476 

28A 19 31 1098.923. 1097.39 1.532959 | 

29A 15 33 1093.508 1093.99 -.4821777 

SP* 12 32 1088.846 1084.85 3.996094 | 

1008 32 46 1136.865 1136.16 ~ 7050781 

1009 55 44 1141.607 1141.16 ~-4472656 

SP8 31 43 1136.009 1136.96 -.9512939 

1003 35 27 1112.867 1110.28 2.587158 

1004S 24 26 1105.702 1108.41 -2.708374 | 

10058 40 41 1138.336 1137.51 ~8258057 

1006S 46 35 1130.496 1131.92 -1.424194 

1007S 52 23 1117.515 1114.72 2.795166 | 

24 28 34  1111.683 1112.94 -1.25708 

$3 28 34 1111.683 1112.84 -1.157104 

1000 14 33 1092.096 1088.91 3.185669 | 

1001P 20 = 38 1111.278 1112.53 -1.252319 

1003P 35 27 1112.867 1110.34 2.527222 

1004P 24 26 1105.702 1106.17 —.4683838 

1005P 40 41 1138.336 1137.91 ~-4257813 

$1 15 29  1093.669 1094.95 -1.28064 

| S2 16 34 1094.979 1091.41 3.568726 

S4 39 33 1114.979 1116.17 -1.191162 

R3 16 31 1094.843 1093.3 1.542725 

R7 39 32 1114.9 1135.41 -.5C°7CL0 | 

K3 27 33 1110.267 1111.67 -1.402588 

 K4 40 33 1115.32 1116.34 -1.020264 

K6 — 23 30 1104.954 1107.88 -2.92627 

K8 15 31 1093.46 1092.09 1.370361 

AVERAGE DIFFERENCE = -2.468418E-02 

STANDARD DEVIATION = 2.125341 | 

| * sand point next to river



in multiple zones (OW-7) and have steep hydraulic gradients, | 

or have deficient frequency of data (PZ-SP6) to determine | 

average water levels throughout the year. | | 

2) General Configuration of Water Table © 

Exhibit 5 shows the predicted steady state water table 

elevation. The water table generally follows the topography 

with the Flambeau River and Meadow Brook Creek being areas 

of groundwater discharge. Depth to water for the calibrated 

model was contoured and is presented as Exhibit 6. 

3) Conditions at Model Boundaries and Wetlands | 

Appendix G shows the model printout with the model at 

steady state. The printout shows the model water balance as 

a whole and for each specific element. There are ten | - 

wetland areas in the model. Wetlands 1 and 2 are areas of 

groundwater discharge; the remaining wetlands are generally 

isolated above the steady state water table, although there 

are small parts of wetlands 5, 6, and 9 that are predicted 

to be in contact with the water table. Predicted a 

groundwater discharges to these wetland areas are: 

wetland 1 1.5 gpm | 

wetland 2 1.4 gpm 7 | 

wetland 5 | 1.3 gpm | | 

| | wetland 6 0.1 gpm 

wetland 9 | 2.2 gpm 

| Groundwater also discharges to the Flambeau River and 

Meadow Brook Creek. Total discharge to Meadow Brook Creek 

is 19.4 gpm. Total discharge to the Flambeau River , 

adjacent to the mine is 60-8 gpm Depending on hydraulic 

gradients, groundwater flowsj;1in or out of the first row and 

-eolumn of the model and in or out of the last row and column 

of the model. 

Net withdrawal rates at all nodes are shown in Appendix 

H. 

4) Calibrated Parameters | | 

Fxhibit 7 is a contour plot of the glacial aquifer 

hydraulic conductivity distribution produced by the 

calibration. Exhibit 8 is a contour plot of the final 

calibrated values of sandstone aquifer hydraulic 

conductivity. Figure 4 shows a category printout vs tile 

- «@istribution of the calibrated values of recharge in the 

model. This display of the recharge distribution is easier 

to understand than a contour plot. 

| | | 20 | |



DTT 2bbbbTTiaaaaAN0ODDDO0D00DDD00O00D
00000gg2222222222e 0K 

TTTT1TTTti it ii2bbbititaaasaaeaaeaaHaaesaaa
aasaaaaaaggzZz22z222e2e2eeee 

TTTTTTTTTTTT2bb ATT aaaaa0000000aadFOad000000000gg222
2222e2 ee eee 

FieatiitatieaibitiiitaaaadSddds 55555hi iF iF FF TFT FI OOCOOAZe Zececcs , 

tteatiitattarriiiittaasd0sdddS 
5 SS55hi ii iii fii ii fpooavooe2e2zzece7e 

Dieetittatiaartiittitaasdo0sdddSs 
S5hiiiiiiiiiiiifieaaaaaz2ececece 

sacelaaaaenaatiiitiiaaadigss 
SSS 55¢71I7777771 i fF Fi iggz@bbboOdacccce 

cc cataassaaaatiiiitiaaadigsSs SoS SSA?TITTTT77TiiiiiiiggzbbbaGOac
edce 

- seri teseseaatitittaaedogiSSSSSH7IA 
IFFT FFF F FFF ii gge222b22a0022aa 

peaaassansaaatiiaasaadiggs Ss SShii iif Fifi ii fi ififiisg22aae2eechaaa 

coo mmeaasneaatiitaaaad00iggsSShiii
 fi FFF ii Fi ii FF ifieg22aaese2eecdbas 

coe e oc mesetaatessee00i ii ASSHIT FTF AFA ATTA F TFT Fi gs2aaasaaaladea 

coe eawwnesearas0000i gif i Shit ii ii Fi FFT FFIV TTF TSg2@aasaaaae hh da 

GresecsanaeeO100iiiiggiih77ii 
ii FF FTF TATA FFT i iiggaz22aeeaatZeZn 

aceemsaenee00T ii Fifiggif 7T7VVFFFTFTFFTTFAATFTATT TS gt2aaasesaacedd 

paccaaaasad0giiiitiiigggiif fffh
hhhhhhhhhhhifiiiddet12aaaaaaaaaac®

 

so ooaananadceggggsgggedsggdddddd
S555555555iiiccccaaatiassaaaaad 

oe eeeeeeeOSfififiiifgii i 555555agggggggggiii3332aaaasaaaa
seaadd 

panenenaaadei i FFF FHT TTTTA7T7T7T7T7T77TAVFA TTT TTTTPPT TAPS Peaaaeaaeaaaes’ 

saenseeaaaadeiifiifiiiftiiaaaaa7Iif FFF TFFAIATAATA PPP igtaaasaaaasessele 

passeeene00ef iii ififiiieeasasifi i FF FTF FFF FePT TUPI TTaeaseasses sles 

aeanaaseeddeiifiififiiiifieasaaaaii ffi FF HiFi ttecciifbataasaasassass at & 

saasaaaaaddeiiiifiiiiiieasasiiii
iiiiiiiitecceecbataaaaaarad dae & 

pansawanaeddeiiifiifiifiifasaaaiif
iif ii fi tTticeceeeZSaviiiititaaaasa 

manseneadodei if GFF FTTTTTT7TITTF TTA AtatteeeeeeSIVITITT Taacaaaaa 

meaenesaedodei if if GPF TTI7TI7T7TIA FFF faaeaaabccceeSIIViiitaseaaada 

paaeeeaddOdeif iif GFT TTT TATT7777IF FF faasaaacccceeS1IVitiaaaasaaadd 

apasnsedddOdgiifiii iii Fi TTT7T7777746F asaaeaaaaaacccee3 IIIT Taaaaaaaee 

peaneneddd05Siiiiifi iii iii TI 7T777774 FaaaaaaaaaccceeS 1ititaasasaaaaee’e 

paanaddddO0iiif FF TT FFT FFI 7T7T7T7TIAG44aaaaaaaaacccee3Sititeasaaa
aaaaece 

aessadddS 0011 FF FTTH AFT TTAT7TI LTT ifeaaaaaaaaaaccceeS II aaaaaaaaasa& 

pasaaddS gOOiF FF FFF FTF LTT TF FT Ti fasaaasaasacS5Siifbitatritiiaasaa
s 

eeanaadSgG 001TH FTT TTF TAT TT Fit faaeeaaasaacSSiifbataiiili
aaaace 

eeaadSg gg 0011 fF FFFTF FTF FTF TF Tit eaeaavaavaacSSiieaaattililasaa
se 

eeeeS ggg G00 iff i bbbHIi ffi i i ittteaaaaaaaaasacSiiizsaaatiiisras
asas 

eeecgagggg0aifibbbbbbiibbbitiiita
asaaaaaaaacSsigsaaatiiittiaaaaaa 

eegiggggg0eiibbbbbbb2bbbbiiiitiaa
ffiT1iTISSI7TII Ff bb bHbbbbaaaaa|S 

FifviiiiipLOaiieeeeeeefeeeeccccccbb
bb3s33i331i1 i 7TI i icbbeececcbbbbbb 

fii dTiTiiifOatieeeeeeifegiiiiigeeccecS
555i55Sdcecee3bbbeccececbbbbbb 

TTT TT TT OMeTAZBIZiTi FSS ei Fi i ies 3SIITFF EFF FeESTIIZT21I111 bo bEbBITIITS 

TTT TTT LOartiipiiiiie3scdiiiiidececcc
eeeeedcceccebIi11itbobsitiiit 

FELTTT LTT OLT iT iiidiesediiiiidceececcceeeedcecccc
ebITitiibbbiiital 

T77777iiO0aiiiiiizz2bbbeccccececcccce
eedcecceccebIIIIITIIeITE Id! 

S5SS5SS gif aS gii iF GFT FG111172222222222ddez222211112biaa
saatitaaiita 

ges sSgaiaSSgiiifiifibt1itiitbbbbb
bitc2bbbbittittiaaaaaatitiaalstas 

SoogaadasdSgibbbbbbbiiiitibbbbbb
bbb2bbbitiitiitiaeasaatiitariiy 

sggg0001aSSgibbbbbbbiitiiibbbbbb
bbibbbbiiiiiiiteaasaals irri iit | 

Oe O00aaalaaalbbbbbbbiiibbbbbbbbb
baabbbiitiiiiitasaaaatitbitiiit 

OCO0anaataaalbbbbbbbitibbbbbbbbbi
aabbbititititissaaaaattboiiiiins 

Tititasaaasaaalbbbbbbbbbbbbbbb
bbbiaassaaseaaaasaaasaseaaalif

isiit'| 

dTq1itaaeaaaalbbbbbbbbbbbbbbb
bbbitasaaaaaaaaaaaaasaaaealii

iiiiiil 

PT 222217 THT TFT i Fe 222222226111 taatititiitasaaaaat iiss TiTs| 

bbececbbbbbbeggagggggeddddddde22
2222222222222222baab22222222222 , 

bbccccbbbbbbfiiiiiiifeeeeeedcccecec
ccceccececceccccbilicccccececceccs 

eececececebb3sfiiiiiiifeeeee
dcececcecccecceccceccbebecce

ccecccece 

cceccceeceee3fitiiiiiifecccde
ccecececceccccecececcecceceeb

ececcecic 

cceceececeecesfiiiiiiifecc2zecc
ecececceccccececececd3ceecceceb

ccccecic 

cececececece3fiiiiiiifeedcceb
bbbbbccccbbbbbbbcdeseccccecce

ccceccce 

cececcecece3sfiiiiiiifedcecec
ecececcecebbecccccdeeseccccce

cececcce 

ceeccececcec3fiiiiiiifdcecec
ecececcecebbececcdeeeSccccce

cceccccce 

cececceeccec3Bfiiiiiiiecccecbec
ececececccebececdeeeeSeccceccce

cececce 

—ceceeccececeee 3 fiiiitiig3ecccccceccecececcece
cdceccecbbeecceeccece cece 

ceeccececec3fiiiiige3ccecccc
ecccececececcdeccccebbeccece

cccccecc’ 

ceoeceeceeceece3Bfeeeedcebbbececce
cceccececcececcdeeeeccecbbeccececc

ececccce 

Label Range , 

0 - Q=0 3-2.5<Q< 3 6-5.5 <Q < 6 

a - 0 < %& < 0.5 a- 3 < Us 3.D G- 6 S&S 6.95 

| 1-0.5<Q<1 4-3.5<Q<s 4 7-6.5<Q<7 

b- 1 <Q< 1.5 e-4 <Q < 4.5 h- 7 <Q< 7.5 

2-1.5<Q <2 5 - 4.5<Q<5 8 - 7.5 <Q < 8B 

c- 2 <Q< 2.5 f - 5 <Q< 5.5 1 - 8 < Q< 8.5 

| | Figure 4 

Calibrated values of groundwater recharge rates _ . 
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5) Specific Yield 

Choosing a specific yield to use in the model was based 
both on model response and professional judgement. The 

| summer of 1988 was a drought and observation well water | 
levels declined. A 90 day period with no recharge was 
simulated with the model to compare the predicted decline in : 

- well water levels with the actual declines. Assuming a 
specific yield of 0.05 in the glacial aquifer and 0.1 in the 
Sandstone aquifer resulted in a average predicted decline in 
water level at the observation wells of 1.43 feet. This 
decline is representative of the declines actually measured 
in observation wells in the summer and fall of 1988. 
Figures 5 and 6 show the predicted versus actual declines. 
Precambrian specific yields were assigned (as 0.001) on the 
basis of typical values found in the literature. | 

| Cc. Sensitivity Analysis 

| Sensitivity analysis is an important part of any 
modeling study. Sensitivity analysis defines how the 
uncertainty in the input parameters affects the conclusions 
of the study. The sensitivity of hydraulic conductivity, : 
recharge, and the extinction depth for evapotranspiration 
were examined by changing these parameters and running the : 
model to steady state. 7 

1) High recharge and high permeability 

Transmissivity and recharge were both increased by 50 
percent and the model run to steady state conditions. As 
predicted from Darcy's law, predicted heads were at the same 
position as when using the best engineering judgment 
parameters. The total flows in the model did increase by 42 
percent. Appendix I shows the model results including water | 
balances for each wetland, river, and boundary. Discharges 
to wetlands that are in contact with the water table and the 
major surface water features are: | 

wetland 1 | 1.8 gpm 
wetland 2 1.8 gpm 
wetland 5 1.9 gpm | 
wetland 6 0.2 gpm 
wetland 9 3.4 gpm 
Meaaow Brook Creek | 29.9 gpm 
Flambeau River | 93.7 gpm 
(adjacent to mine) | | 
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2) Low recharge and low permeability 

Transmissivity and recharge were both decreased by 50 © 

percent and the model run to steady state conditions. As 

_ predicted from Darcy's law, predicted heads were at the same 

position as when using the best engineering judgment 

parameters. The total flows in the model decreased by 48 

percent. Appendix J shows the model results including water 

balances for each wetland, river, and boundary. Discharges | 

to wetlands that are in contact with the water table and the 

major surface water features are: 

wetland 1 1.1 gpm 

wetland 2 — 0.9 gpm : | 

wetland 5 0.7 gpm 

wetland 6 0.03 gpm 

wetland 9 1.1 gpm 

| Meadow Brook Creek 9.4 gpm 

Flambeau River | 29.4 gpm 

(adjacent to mine) 
| 

3) Wetland Function Isolation Depth 

The best engineering judgement parameter on the 3.5 

foot depth below which the water-table contributions upward | 

to the wetlands cease was, as mentioned before, based upon 

the work of King (1983). However, an isolation depth of 10 

feet below the land surface was also simulated to see what 

the impact of changing this assumption would be on the water 

table and wetland area flows. Changing the isolation depth 

while assuming a constant rate of potential evapo-. 

transpiration (22 inches per year) changes the slope of the 

model groundwater/wetland function (see Figure 3). That 

slope factor was input to the model along with the 10- foot 

depth. Based on these input data the model was rerun and 

results presented in the water table map of Exhibit 9. 

The overall simulated water table with this new 10-foot 

depth function was lowered. Comparing the predicted heads 

to the actual well heads, using the same statistical 

comparison as was previously used, yielded an average 

difference of -2.4 feet and a standard deviation of 3.4 

feet. The deeper isolation depth lowered the water table 

| significantly (on the average in the area where there are 

observation wells) 1.9 feet and does not fit the field | 

situation at all. Increasing groundwater recharge and 

decreasing aquifer permeabilities to attempt a new 

calibration would require the upper limits of recharge to be 

in the range of 12 inches and more or the permeabilities to : 

be lowered drastically. In our opinion, this readjustment 

of permeability and recharge is excessive and is | 
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inconsistent with field measured water balance values in 

this area, and therefore is not appropriate. 
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V. Simulation of the Mining Plan | 

| A. Definition of Plan 

The entire sequence of stripping overburden, pit 

excavating, stockpiling wastes into Type I and Type II 

areas, and the reclamation process has been outlined in 

detail in the Foth & Van Dyke report entitled "Kennecott 

Mineral Company Mining Permit Application for the Kennecott 

Flambeau Project", dated April 1989 and, in pictorial form 

can be found in the sequence drawings in Figures 4-28 © 

through 4-37. The reclamation and backfilling procedures 

can be found in the same report as shown in their Figures 5- 

2 through 5-4. Other than those figures, the backfill 

- elevations and permeability distributions within the 

reclaimed pit area are shown in this report in cross- 

sectional Figure 7. | . 

We are not going to repeat that report here, nor are we 

going to reproduce the voluminous sequencing Figures. It is | 

suggested that a copy of that report be made a companion to 

this modeling assignment. The methods, procedures, and 

PLASM modification programming to include these plans are 

discussed below. | . | 

The source code (modified PLASM computer program) for | 

the mining and reclamation sequencing is given in Appendix A 

prior to the discussion below. The actual model input data 

for the mining and reclamation plan are given in Appendix K. 

These input data are essentially the calibrated hydrologic © 

system parameters plus an accounting of where (model column 

and row number) the lowest elevations of the pit bottom are 

in one-year increments. As will be described later, this 

discretization of time results in a stepped pit inflow and 

drawdown pattern whereas the real mine will show a more 

consistent inflow and drawdown pattern because the pit is 

continuously excavated. If desired, the reader can follow . | 

along with the coding and data sequencing as the next few 

sections are read. | | , | 

B. Modification of PLASM model for mining 

1) Theory | a 

A mine is simulated in the PLASM model as a constant | 

head node. This convention simulates a pit where 

groundwater inflow is pumped out at whatever rate is 

necessary to keer the bettor of the pit dry. Peclamation cf 

the pit is simulated by removing the constant head 

assumption and programming a new transmissivity function | 

that represents the backfill strata permeabilities. | 
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2) Procedures 
| 

PLASM was modified to simulate the proposed mine by 

adding code to the model that permitted the creation and 

removal of constant head nodes to the model at specified | 

column and row locations, elevations, and steps. The 

functioning of this routine is similar to the code used to 

simulate variable pumping rates at wells. 

Modifications were made to PLASM to permit interactive 

entry of the schedule of mining, and to save these entries 

in an external file. Modifications were also made to the 

model to permit simulation of groundwater flow through the 

backfill. Figure 7 shows the assumed hydraulic conductivity 

in the different backfill strata. 

The mine plan was discretized at one year intervals. 

The elevation of the bottom of the mine pit at the end of 

each year was tabulated. A total of 41 grid nodes were 

| affected by mining. The mining operation was assumed to 

take seven years, with backfilling of the pit in the eighth 

year. : 

The stockpiling of overburden at the mine was also 

‘assumed to impact the hydrologic balance at the site. The 

Type II stockpile will be lined, so recharge in this area 

was assumed to be zero for the seven years of mining and one 

year of reclamation. The Type I stockpile and especially 

the associated sediment ponds increase groundwater recharge. | 

Based on our experience, we estimate that recharge in this © 

area will be higher by 50 percent during the seven years of 

mining and one year of reclamation. | 

A slurry wall is proposed for the unconsolidated | 

material between the pit and the Flambeau River. The sjurry 

wall would be four feet wide with a permeability of 10- 

cm/sec. The slurry wall would be constructed just before 

mining starts, would penetrate to the Precambrian bedrock, 

and be approximately 250 feet long. The slurry wall covers 

four grid nodes in the model and remains there in 

perpetuity. Hydraulic conductivities in these grid nodes 

were set to .023 gpd/sq ft to account for the slurry wall. | 

Reclamation was simulated by running the model until 

approximate steady state conditions were reached. | 

C. Model predictions during mining anc reclametion 

The following discussion summarizes the results of the 

mining and reclamation plans and their impacts on the 

hydrologic system. Appendix L shows the model printout for 

| the mining phase and the first year of reclamation. 

Appendix M contains printouts of the water-level recovery 

after reclamation. Appendix N gives model net withdrawal 
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rates for all nodes at the end of mining. Appendix O gives 

model net withdrawal rates for all nodes for the end of the 

post reclamation period. The reader should refer to these 

printouts for the details of the simulations. 

1) Pit inflows | | a | | 

Figure 8 shows the predicted pit inflows. Inflows | 

range from about 296 gpm at the initial removal of | 

overburden to about 110 gpm at the end of mining. The 

simulated stepped dropping of the pit bottom is evident in 

the figure, an artifact of the time discretization 

previously described. Because the pit will not be excavated 

| in these large blocks (resulting in the simulated step water 

level declines), the actual pit inflows would be less than 

the peak inflow rates shown, but eventually approach the | 

flow rates shown for each period. Figure 9 shows the average 

yearly inflow over the life of the mine. Average yearly | 

inflows gradually increase as the pit becomes deeper and 

more widespread. 

2) Impacts on water table | | 

a) During mining | 

Exhibit 10 shows the drawdowns caused by mining at the 

end of the mining period (seven years). Exhibit 11 shows 

the water table at the end of mining. The two foot drawdown 

contour is approximately 2750 feet from the mine pit at its > 

- furthest extent. Figure 10 shows the predicted aquifer head 

as a function of time over the life of the mine and during 

reclamation at a point approximately 100 feet from the mine 

pit. The maximum depression of the water table is reached 

when the mine pit is a its lowest point. Figure 11 shows 

| the predicted aquifer head as a function of time at a point 

approximately 1200 feet from the mine pit. Figure 12 shows 

the predicted aquifer head as a function of time at a point 

approximately 2400 feet from the mine pit. Figure 13 shows 

the predicted aquifer head as a function of time at a point | 

beneath wetland 3. 

' b) During reclamation 

During reclamation, groundwater flows from the aquifer 

into the backfilled mine spoil. Water levels continue to | 

fall away from the mine during this process. The maximum 

extent of the drawdown caused by mining as defined by the 

two teet drawaown contour, is thus not at the eéliu ol tne 

mining period, but during the reclamation period. Exhibit 

12 shows the maximum extent of drawdowns caused by mining 

which occurs 2.3 years after mining operations cease and | 

backfilling of the pit begins. Exhibit 13 presents the 

elevation of the water table at that point in time. 
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Figures 10, 11, 12, and 13 also show the recovery of water 

table after mining at four selected points. 

c) Steady-state post reclamation | 

Exhibit 14 shows the predicted water table contours 

after steady state conditions have been reached after 

reclamation. The water table is in approximately the same 

configuration as it was before mining, except in the 

immediate vicinity of the reclaimed mine. Exhibit 15 shows 

the residual water table differences calculated as the 

premining steady state water table (Exhibit 5) minus post 

reclamation water levels in Exhibit 14). Appendix P | 

contains post reclamation steady state model data. | 

3) Effects on wetlands | | 

a) During mining | 

Most of the wetlands are not expressions of the 

regional water table but rather poorly drained soils that 

are above the regional water table. Mining does effect the 

water table beneath wetlands 1 and 2 which are near the 

Flambeau River. Mining lowers the water table enough in | 

these areas to prevent any groundwater discharge. Decreased 

flows to the wetlands with partial connection to the 

regional water table are limited. Predicted groundwater | 

discharges at the end of mining are: 

wetland 1 | 0.0 gpm 

wetland 2 0.0 gpm 

wetland 5 | | 0.3 gpm 

wetland 6 | 0.05 gpm 

wetland 9 | 2.2 gpm | 

Figure 13 shows the drawdown and subsequent recovery of 

| the water table under wetland 3. Wetland 3 is a isolated 

system, the wetland is not in contact with the regional 

water table. 

b) During reclamation 

Effects on wetlands during reclamation are similar to 

those during mining. No groundwater discharge occurs at 

wetland areas 1 and 2 until 9.5 years have elapsed after the 

backfilling of the mine pit. Maximum drawdowns and 

| attendant Gecreased flow effects on partially Coliuecteda , 

wetlands occur at various times between 1 and 17 years after 

mining ends. Predicted worst case (at the point during the 

recovery of the water table when groundwater discharges to 

the wetland is a minimum) groundwater discharges are: 
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wetland 1 | 0.0 gpm | | 

wetland 2 0.0 gpm 

wetland 5 0.3 gpm | 

wetland 6 ~~). 0.03 gpm 

wetland 9 2.1 gpm 

c) Post reclamation : | 

After steady state water levels have been restored, all | 

wetlands function as before, with the exception of wetland 

area 2, which is partially removed by mining. 

4) Effects on surface-water bodies | | 

a) Flambeau River 

The maximum effect of mine dewatering on the Flambeau 

River adjacent to the mine occurs at the end of mining, when | 

| the mine pit is at its deepest point. At this point in time 

all of the groundwater flow (in this reach of river) | 

normally discharging to the river flows to the mine pit and 

some water flows out of the river into the mine pit. Before 

mining, at the calibrated steady state position of the water 

table, there was 60.8 gpm of discharge from the aquifer to | 

this reach of the Flambeau River. At the end of mining, 

there is 46.8 gpm of groundwater discharge to the pit and 

46.8 gpm of groundwater leaking out of the river to the pit. 

The effect on the Flambeau River is negligible, since the 

average flow of the river in this area is about 1800 cfs 

(800,000 gpm), and all inflow is collected, treated, and 

discharged back to the Flambeau River, in any case. 

b) Meadowbrook Creek | | 

Effects of mine dewatering on groundwater discharge to 

Meadowbrook Creek are negligible. At the end of mining, 

groundwater discharge to Meadowbrook creek is the same as | 

before mining, 19.4 gpm. At the worst time during ~ 

reclamation, approximately one year after mining ends, | 

discharge is essentially the same as before mining, 19.4 

gpm. | | | 

| D. Sensitivity Analysis | | 

Sensitivity analysis of the mining effects were 

performed with the mocel by changing permeability ane 

groundwater recharge values. The sensitivity analysis was 

done to span the Department of Natural Resources suggested 

range of uncertainty of the parameters. The following 

discussion therefore outlines the results of mining effects 

with permeability and recharge taking 50 percent higher and 

50 percent lower values than those determined during 

calibration. , oo 
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1) Pit Inflows | a 

Figure 14 shows the predicted pit inflows over time for 

the high permeability scenario. Recharge and transmissivity 

were both 50 percent larger than the calibrated values. Pit 

inflows are 20 to 40 percent larger than for the calibrated | 

case. 
| 

Figure 15 shows the predicted pit inflows over time for 

the low permeability scenario. Recharge and transmissivity 

were both 50 percent smaller than the calibrated values. | 

Pit inflows are 20 to 40 percent smaller than for the 

calibrated case. 

Figure 9 shows the predicted annual average inflows to | 

the mine pit for the calibrated parameters, high 

permeability scenario, and low permeability scenario. 

2) Effects on water table 

Exhibit 16 shows the drawdowns caused by mining at the 

worst time under the low permeability scenario. The | 

furthest extent of the two foot drawdown contour occurs 

approximately 2.3 years after mining ends and reclamation | 

begins. Exhibit 17 shows the water table elevations at this 

same point in time. The two foot drawdown contour is 

approximately 2550 feet from the mine pit. 

Exhibit 18 shows the drawdowns caused by mining at the 

worst time under the high permeability scenario. The | 

furthest extent of the two foot drawdown contour occurs a 

approximately 2.3 years after mining ends and reclamation 

begins. Exhibit 19 shows the water table elevations at this 

same point in time. The two foot drawdown contour is 

approximately 3000 feet from the mine pit. 

3) Effects on wetlands | | 

Under both the low and high permeability scenarios, 

groundwater discharges at wetlands 1 and 2 are eliminated at 

Some point. Effects on the wetlands with partial connection 

to the regional water table are limited. Predicted worst 

case (at the point during the recovery of the water table 

when groundwater discharges to the wetland is a minimum) 

groundwater discharges are: | oe 
permeability range 

: hich low 

wetland 1 7 0.0 0.0 gpm 

wetland 2 0.0 0.0 gpm 

wetland. 5 . 0.2 0.2 gpm 

| wetland 6 0.01 0.02 gpm 

wetland 9 3.2 1.1 gpm 
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All other wetlands (3, 4, 7, 8, and 10) are unaffected by 

mining. 

| 4) Effects on surface water | 

- At the end of mining under the low permeability 

scenario, there is 23.2 gpm of groundwater discharge and 

23.7 of groundwater leaking out of the river. The effects 

on the Flambeau River are negligible, since the average flow 

of the river in this area is about 1800 cfs (800,000 gpm). | 

This effect is the maximum at any point in time under the 

low permeability scenario. | 

| At the end of mining under the high permeability 

scenario, there is 70.3 gpm of groundwater Gischarge and 

68.5 of groundwater leaking out of the river. The effect on 

the Flambeau River is negligible, since the average flow of 

the river in this area is about 1800 cfs (800,000 gpm). 

This effect is the maximum at any point in time under the 

high permeability scenario | 

At the worst time during reclamation under the low 

permeability scenario, discharge to Meadow Brook Creek is 

9.3 gpm (9.4 gpm premining for comparison). Under the high | 

permeability scenario, discharge to Meadow Brook Creek is 

reduced to 29.8 gpm (29.4 gpm premining for comparison). 
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VI. An Analysis of Premining Orebody and Reclaimed 
Area Groundwater Flow Rates 

There are interests, in the area of water quality _ 

impacts, that require making estimates of groundwater flow 
rates through the reclaimed mine pit area. Based upon an. | 
analysis of the water table elevation maps of Exhibits 5 
(premining) and 14 (post mining), and the model grid shown 
in Exhibit 1, the main groundwater flow changes, due to the 
mining/reclamation activities, occurs along the alignment of 
the orebody. This alignment generally extends from the 
Flambeau River along model rows 30, 31, and 32 ina 
northeasterly direction out to just east of State Route 27. 

As mentioned in the description of the calibrated model 
parameters, the main permeable zones of the orebody are 
aligned along the hanging wall and foot-wall zones of the 
30th and 32nd rows of the model. This is the reason why the 
main groundwater flow rates in the orebody are along those 
rows also. It was along this alignment that cross- 
sectional modeling was undertaken to estimate groundwater 

flow directions and rates. The following discussion is 
broken into two parts, with the main emphasis being given to 
groundwater flow distributions after the reclamation is 
completed and the hydrology of the area has reached its 
equilibrium level. | 

A. Estimates of Premining Orebody Groundwater Flow | 

So as to provide a base for later calculation : 
comparisons, an estimate of premining orebody groundwater 
flow was done. : | 

Application of Darcy's law along the alignment of the 
hanging and foot-wall zones of the orebody provides an | 
estimate of orebody flows prior to mining. Based upon 
pumping test results, the calibrated permeabilities and 
hydraulic gradients derived from the groundwater model, and 
the width and depth geometries of the permeable zones 
determined by drilling studies, the flow rate through the 
orebody was calculated as follows. 

By using the BEJ pertinent parameters in Darcy's law we 
get 10.6 gpd/ft sq. for the permeability, (1115 - 1085)/2400 
or 0.0125 ft/ft for the hydraulic gradient, and about 200 
feet wide and 225 feet deep for the sum of the permeable 

areas of the orebody or 45000 sq ft. Inputting these BEJ 
data into Darcv's law gives an estimate of ahout 6900 
gallons per day or about 4 gallons per minute. This flow 
originates in the higher water table areas to the northeast 
and eventually discharges upward from beneath the Flambeau 

River in the southwestern region of the orebody. 
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If one is interested in the range of possible flow | 

rates through the orebody, then the same high and low 

permeability assumptions mentioned in the plan view model 

sensitivity analysis above, leads the reader to between a 

low of 2 gpm to a high of 6 gpm for the premining flow rate 

range through the orebody. a | 

B. Groundwater Flows Through Reclaimed Area 

Estimates of groundwater flow through the pit reclaimed 

area were of interest as input to water quality studies 

reported elsewhere. The following procedures and 

discussions outline how these flows were computed. 

First, several flow lines were drawn on the post-mining | 

water-table map shown in Exhibit 14. While several flow 

paths indicate slightly different directions through which 

the groundwater flow was taking place in the area of the 

reclaimed pit, we chose a cross section for study which was 

the same as that mentioned in the premining orebody flow 

discussion above. This cross-. sectional model is 

illustrated in Figure 16. 

In the case of Figure 7, the model includes the 

permeable materials which extend from the post-mining water 

table downward to an elevation of 860 feet. An averaged 

cross sectional model data base was developed along rows 30, _ 

31, and 32. However, the cross-sectional thickness in the 

zone of the reclaimed area above an elevation of 1050 (which 

is the top of the saprolite materials) was increased to 500 | 

feet to account for the increased zone size of the shallow 

reclaimed materials. The permeabilities (hydraulic | 

conductivities) of this cross sectional model were assigned 

based upon the calibrated permeabilities discussed earlier 

in this report and the description of the reclaimed Type I, 

- gaprolite, and Type II permeabilities shown in Figure 7. 

| A special note should be made of the vertical to | 

horizontal scale exaggeration of the model of Figure 16. 

Fach tic mark in the horizontal direction represents 100 | 

feet. Each tic mark in the vertical direction represents 

only 15 feet. The total horizon .1 model Gimension is 3500 

feet while the total depth is abcut 250 feet. Furthermore, 

the Figure 16 graphics has a 10 times exaggeration on the 

vertical dimension. Thus for actual horizontal and vertical 

dimension analysis on the same scale, the reader should 

reduce the vertical dimension by a factor of 10 to obtain 

true scale visuals. 

Figure 16 shows an approximate, or averaged position of 

the bottom of the pit at the end of mining, the water-table 

surface values at the post-mining/final reclamation 

equilibrium levels (see Exhibit 14), and the position of the 

top and bottom of the saprolite materials at the end of 

reclamation plan. | | 
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1) Design of the PLASMCRS model for the above cross section 

To estimate the groundwater flow rates and directions 

of vertical flow through the cross-sectional model of Figure 

16, a second PLASM model was constructed. This model has 

the same groundwater theory as discussed for the plan view 

model of this project, but is much simpler. The actual | 

source code used for this cross- sectional model is given in | 

Appendix Q and is hereafter referred to the PLASMCRS model | 

code. 

The permeabilities, thicknesses, and widths discussed 

above were entered into this PLASM model. Based upon the 

calibration results of the plan-view model, the Flambeau 

River was made an outlet for groundwater flow at a fixed 

elevation of 1085 feet. The water-table along top of this 

cross section was fixed at the elevations dictated by the 

water levels shown in the post reclamation area of Exhibit 

14. The data base thus formed for this model is printed | 

out as shown in Appendix R. | 

2) Results of the PLASMCRS modeling and Estimated 

- Groundwater Flow Rates Taking Place Through the | 

Reclaimed Area | L 

The PLASMCRS model of Appendix Q and the input data as 

discussed above and shown in Appendix R was run to steady | 

state or equilibrium conditions. The water-level contours 

| of Figure 16 depict the results of that model run. 

By taking into account the permeabilities, the 

appropriate cross- sectional widths and depths of flow, and 

the hydraulic gradients taken from Figure 16, calculations 

were made, via application of Darcy's law, what the 

approximate average groundwater flow rates were taking place © 

in the reclaimed area. Hydraulic gradients within the 

reclaimed area vary from place to place and from flow 

| positions upgradient to downgradient within the section. 

Therefore, the point to point flow rates vary above and _ 

below the averages shown in Figure 17. 

Figure 17 illustrates and enumerates what the 

appropriate average groundwater flows are. First, an 

average of about 3 gpm is flowing horizontally through the 

shallow backfill materials above the saprolite. This | 

shallow flow exits the area as flow to the Flambeau River. 

Some of this shallow flow seeps downward (0.6 gpm) through 

the saprolite into deeper backfilled materials. 

Approximately 1.4 gpm is flowing horizontally in the deeper 

backfilled materials and, it too, in addition to the 0.6 gpm 

exits to the Flambeau River via connections with permeable 

hanging wall and foot wall pathways (a total of 1.4 and 0.6 

equals 2.0 gpm). Finally, there is about 1.6 gpm of 
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| | , Figure 17 | | | 

MINE BACKFILL PERMEABILITIES | 

AND APPROXIMATE POST RECLAIMATION | 

| GROUNDWATER FLOW RATES 

| — K= 10% em/sec : | 
: | = 21.2 gpd /ft2. | 

| | ( <«— 3.0 gom. _ 

: 0.6 gpm.) 
i050 —— | | _ | 

Le hayes one are | 
K= 107° cm / sec. | | | 

1000 ————— = 21.2 gpd/ft.c | 

| —— |.4 gpm. 

950 ———_—— / | | 

900 ———_____—_- 

ELEVATION —— Le gpm. | 
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| underflow beneath the bottom of the reclaimed pit. This 

underflow exits to the Flambeau River as a result of upward 

hydraulic gradients. | 

If the reader is interested in sensitivity analysis 

with high/low permeability concerns, all of the above flows 

can be proportioned accordingly. | | | 
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