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i Exxon Minerals Company 
P. O. Box 813 
Rhinelander, Wisconsin 54501 : 

I : Attn: Mr. C. E. Fowler 

| - RE: EXXON CRANDON PROJECT 

\ : WASTE DISPOSAL SYSTEM 

CRANDON, WISCONSIN 

fj Gentlemen: 

We are pleased to. present the final draft of our report 
J "Parametric Seepage Rate Estimates, Crandon Project Waste 

Disposal System, Project Report 3.1". This report provides a 
framework for considering seepage rates from ponds with a 

, i variety of. liner conditions and with underdrains. It also 
provides estimates of. desaturation times based on liner/under- 
drain conditions and infiltration after reclamation. 

I We appreciate the continuing opportunity to provide services to 
Exxon Minerals Company for the Crandon Project and extend our 
thanks to you and the Exxon staff for their excellent co- 

i operation. - . 

: Very truly yours, ‘ 

i GOLDER Hie 

= big BGs P.E. 
i AssSciate | 
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| 1.0 INTRODUCTION 

| Exxon Minerals plans to mine a copper-lead-zinc ore 

i body near Crandon, Wisconsin using underground mining tech- 

niques. During the 30 years of anticipated mining activi-_ 

i ty, an estimated 36.4 million dry tons (33.1 million dry 

Co” metric tons) of tailings will be produced. Golder Associ- 

| ates was retained by Exxon to develop designs for tailings 

| i | disposal facilities. 

] The purpose of this report is to present the analyti- 

| | cal methods and results for estimating seepage rates for 

i Slurried tailings disposal facilities of the approximate 

| size required for the Crandon Project. Seepage rate esti- 

i mates are presented for the disposal facilities both during 

. operation and after they have been reclaimed (after clo- 

f sure). Analyses include unlined tailings ponds, tailings 

# ponds with varying liner conditions, and tailings ponds 

- with an underdrain above a liner. Variations in the seep- 

1 age rate with time (hereafter referred to as seepage his- 

tories) are presented for a Single 100 acre (40 ha) pond 

i and for an example disposal system. This size pond is 

approximately the size anticipated for the final design. 

The theoretical principles used in this report to 

{ estimate seepage rates are applicable to any waste disposal 

| facility. (In applying these principles to disposal facili- 

| ties at the Crandon site, certain simplifying assumptions 

i have been made. These assumptions always considered the 

inherent variations in geologic conditions and material 

‘ - «properties, and the parameters expected to have a substan- 

| tial effect On the seepage rate. However it should be 

| 7 recognized that virtually no empirical evidence is avail- 

able to guide judgments of this kind. Golder Associates 

| 
a Golder Associates |
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considers the seepage rate estimates presented in this 

i report to be consistent with the state-of-the-art in making 

such estimates. 

i 
Seepage rate estimates for a waste disposal system are 

i partially dependent on site specific geologic and hydro- 

logic conditions. For the Purposes of this report, the 

i tailings disposal facilities are assumed to be located 

| within the proposed Site 41 waste disposal area and the 

g Calculated seepage rates and conclusions apply to waste 

I facilities at this site. However, because of the geologic 

| | and hydrologic similarities between proposed waste disposal 

; . | Sites 40 and 41 (Reference 1), these seepage rate estimates 

apply to similar facilities at Site 40. The locations of . : 

{ these two sites are shown on Figure l. The boundaries 

shown are approximate and intended to show the general 

i location of each site for reference purposes. 

: The seepage rate estimates presented in this report 

i are not based on a specific waste disposal system of tail- 

ings ponds with precisely defined sizes and depths. To 

i make these estimates more useful as the design of the dis- 

posal system evolves, a nominal 100 acre (40 ha) pond was 

i selected as the size for a single tailings pond and the 

system is assumed to include four tailings ponds. This is 

i anticipated to be the type of facility which will be devel- 

oped based on the present estimate of 36.4 million dry tons 

i (33.1 million dry metric tons) of tailings production. 

8 | Seepage rate estimates for other pond sizes can be approxi- . 

| f | mated by simple area ratio. | | 

| 

4 
J | Gelder Associates |
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J 2.0 SUBSURFACE CONDITIONS 

| 2.1 Geology 

i A detailed discussion of the geology and physical 

| characteristics of the overburden soils at Site 40 and- 

i Site 41 is presented in Reference 1. A brief description 

- of the geology of these sites is provided herein for gener- 

fF al information purposes. 

| The Crandon Project site is in a glaciated region. 

i Glacial drift materials are present to a depth of approxi- 

| mately 300 feet (90 m) and consist primarily of very dense 

f sands and gravels. A generalized geologic profile at 

Site 41 is presented in Figure 2. It shows that the gla- 

i cial overburden can be placed in two primary categories: 

till and coarse grained stratified drift. The grain-size 

, distribution of the glacial till varies over a wide 

| range. The till consists predominantly of soils which 

: classify as SM, GM, or SP-SM (Unified Soil Classification 

i System) and most samples tested contained between 10 and 

30 percent fines. The stratified drift is typically more 

i coarse-grained and more uniformly graded, consisting of 

| soils which usually classify as SP, and SP-SM. The strati- 

; os fied drift typically contains less than 10 percent fines 

and often contains less than 5 percent fines. | 

f The bedrock which underlies the glacial soils is a 

partially metamorphosed volcanic rock. The upper part of 

[ the rock has been weathered to a clayey soil in some 

aS areas. 

: | 2.2 Groundwater 

| i Groundwater levels over the Crandon Project site have 

| been primarily determined by measurements in observation 

| i wells installed at various times and depths over the past 

f | Golder Associates
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three years. <A detailed evaluation of the potentiometric 

i conditions in the glacial overburden has been made to de- 

fine the groundwater conditions. The resulting potentio- 

i metric contour map in the Site 40 and Site 41 waste dispos- 

al areas is shown on Figure 3. A complete description Of 

i the methods and data used to derive these contours is pre- 

sented in Reference 2. As can be Seen from Figure 3, the 

i | regional groundwater level is well below the ground surface 

| over most of Site 40 and Site 41. It is presently planned 

that the bottoms of proposed waste disposal ponds be well 

i above these groundwater levels. 

g 2.3 Glacial Soil Permeabilities and Porosities 

) 2.3.1 Glacial Till 

i The permeability of the till has been measured in 

laboratory tests, borehole permeability tests, and a pump 

f test. Some of the laboratory tests and borehole tests were 

: performed on materials above the water table. The pump 

i test measured the permeability of the till below the water 

| table. Studies to date have shown no systematic difference 

J in either grain size or density between the till above the 

| water table and the till below the water table. Therefore, 

i a the permeability measurements on the till below the water 

table, in particular those from the pump test, are con- 

f sidered applicable to the till above the water table. 

Permeability measurements were made in the glacial 

i till using laboratory tests and borehole permeability 

; tests. The results of these tests are reported in Refer- 

i . ence l. Permeabilities measured in laboratory tests on 

| Samples of till (SM) taken at shallow depths ranged from 

i 3x1077 to 6x107/ ft./sec. (1x107/ to 2x107/ m/s) for tests 

run in a triaxial cell and from 6x107? to 1x1l07/7 f£t./sec. 

i | (2x1079 to 4x1078 m/s) for tests run in a Proctor mold. 

a Goider Associates
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Permeabilities ranging from 2x107’ to 1x107° ft./sec. 

i (6x1078 to 4x107® m/s) were computed from borehole perme- 

ability tests in the unsaturated till. 
il | 

| The mass vertical permeability of the glacial till was 

i measured. in a pump test and ranged from 8.8x107/ to 

9.9x1076 £t./sec. (2.7x1077 to 3.0x107© m/s). The geo- 

: metric mean was reported to be 3x107® ft./sec. 

(9x107? m/s). Details of the pump test are presented in 

i Reference 3. 

| | The permeability of the till measured in the pump test 

I : is higher than the values measured in the laboratory and is 

in the upper range of the values measured in the borehole | | 

{ tests. The lab and borehole tests were run on relatively 

small samples which may have been representative of the 

‘ predominant materials in the till, but the mass permeabil- 

| ity of the till is not necessarily controlled by the perme- 

i ability of the predominant material. If zones exist in the 

till that consist of materials much more permeable than the 

predominant material, these more permeable zones would 

{ control the mass permeability. It is likely that zones of 

more permeable material exist in the till and that because 

f of them the laboratory and borehole permeabilities do not 

agree with the permeability measured in the pump test. 

| 
The proposed waste disposal system is large enough 

f | that the permeability controlling seepage through the till 

| will be the maSs permeability, i.e. the permeability mea- 

| _ sured in the pump test. Therefore, for the purposes of 

i this study, Golder Associates concludes that the vertical | 

permeability of. the glacial till, ranges from 8.8x107/7 to 

! i 9.9x1076 ft./sec. (2.7x107? to 3.0x1076 m/s) and the mean 

oo value is 3xl07® f£t./sec. (9x107/ m/s) (Ref. 3). 

| 
i | Golder Associates
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It is necessary to know the storage volume available 

i in the void space of that portion of the glacial till above 

the groundwater level to estimate the rate of mounding of 

, the groundwater level from pond seepage. The ratio of the 

volume of available storage to the total volume of the mass | 

i (n,) is equal to the difference in the porosity and the 

initial volumetric water content. Data on natural moisture 

| | content and density are reported in Reference 4. From 

- these data, a representative value for initial volumetric 

| moisture content is 19% and for porosity is 26%. This 

i results in a representative value for n, of 0.07. Experi- 

ence suggests a reasonable range of n, to be 0.03 to 0.3 

i for similar granular soils. 

i It is also necessary to estimate the initial head in 

the unsaturated till immediately below the pond. fThe head 

' may range from zero to a negative value equal to the height 

of capillary rise in the soil. The grain size distribution 

| of the till suggests that the height of capillary rise will 

| not exceed a few feet (Reference 12). Therefore, for this 

| study the initial head below the pond has been assumed to 

i be zero. 

f 2.3.2 Coarse Grained Stratified Drift | 

| The hydraulic characteristics of the coarse grained 

i Stratified drift are well defined by the results of the 

| pump test (Reference 3). The horizontal permeability of 

[ the stratified drift ranges from 2.5x1074 to 

a 7.6x1074 £t./sec. (7.6x1075 to 2.3x1074 m/s) and the mean 
i value is 4.3x1074 ft./sec. (1.3x1074 m/s) (Ref. 3). 

gg Field exploration in the project area indicates that 

i below the coarse grained stratified drift there are layers 

4 | of till, fine grained stratified drift, and/or weathered 

: i Golder Associates
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rock, The permeability of the coarse grained stratified 

i drift is orders of magnitude greater than the estimated 

permeabilities of any of these materials. Thus, for pur- 

i poses of this analysis the materials beneath the coarse 

gGrained stratified drift can be considered to form a low 

. permeability base to the coarse grained stratified drift 

| and flow within the coarse grained drift can be taken as 

i being essentially horizontal. 

i 
i | 

i 

q 

t , | 

1. 
J | 
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3.0 WASTE PRODUCTS 

i 3.1 Tailings 

[. The waste materials produced by the Crandon mine/mill 

| operation will be separated (split) by size into sand and = 

a tailings. The split is presently planned at 30 microns 

(0.03 mm). The sand fraction (that coarser than 30 mi- 

| crons) will be used as mine backfill and will not be perma- 

i ) nently stored in the waste disposal area. 

7 Laboratory test programs and test results for tailings 

- Materials are described in Reference 5. From those tests, 

i a tailing permeability of 1.6x107/ ft./sec. (5x1078 m/s) 

was recommended for use in design. While it is recognized 

i that the actual tailings permeability could vary somewhat 

from this value, this single value rather than a range of 

values is used in this report to simplify the presenta- 

i tion. | 

f Another parameter which is important in estimating 

| seepage rates after a pond is reclaimed is the drainable 

a porosity of the tailings. Drainable porosity is defined to 

be the fraction of the volume of a porous material occupied 

i | by the ultimate volume of water released from or added to | 

storage per unit (horizontal) area and per unit decline or 

rise of a piezometric surface open to the atmosphere. A 

i reasonable estimate of the drainable porosity can be made 

by taking the difference between the porosity of the tail- 

f ings (calculated from the estimated in-place void ratio of 

- 1.1 for the tailings recommended in Reference 5) and values 

i . of the residual volumetric water content of similar materi- 

| als reported in the engineering literature (Reference 6). 

i The estimated void ratio of 1.1 for the tailings corre- 

sponds to a porosity of 0.52. Laboratory data presented in 

| 
i Goider Associates
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Reference 6 suggest that the residual volumetric water 

i content of a predominantly silt-size material, such as the 

tailings, is likely to be about 0.2. These data suggest 

i that a reasonable estimate for the drainable porosity of 

the tailings is 0.3. 

. 3.2 Pond Water 

5 . Although the amount of free water over the tailings 

will be maintained at a minimal depth for comparison pur- 

; poses our estimates include seepage rates for ponds with 

“various depths of free water. 

i | Water will be decanted from the tailings ponds to a | 

reclaim water pond. This pond is different from the tail- - 

i ings ponds since it will contain only water. Also, present 

closure plans call for this pond to be emptied and the 

. embankments removed so that it will no longer hold water. 

Thus, there will be no seepage after reclamation. 

7 : | Gclder Associates .
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4.0 SEEPAGE CONTROL FEATURES 

i 4.1 Liners 

i. A detailed report (Reference 7) on the liner types 

being considered for this project has been prepared by’ 

f Golder Associates. For this discussion, the liner types 

being considered are of two general types: (1) soil-ben- 

i: : tonite, and (2) polymeric or synthetic. 

; | Soil-bentonite liners for this project would be con- 

; Structed by mixing bentonite with the glacial till soil at 

| the site. The permeability and compaction characteristics 

: of various till-bentonite mixtures have been evaluated in 

| laboratory tests, and the results are discussed in detail 

i in Reference 5. Golder Associates recommended, in Refer- 

‘ence 5, that for design a permeability of 1.6x1079 ft./sec. 

| . ~(5.0x10710 m/s) should be used for soil-bentonite liners. © 

Polymeric or synthetic liners are discussed in con- 

| Siderable detail in References 7 and 8. The property of 

synthetic liners that is most important for this report 1s 

i permeability. With the exception of two specific types of 

synthetic liners, all the liners considered in References 7 

f | and 8 were reported to have a permeability of , 

3.3x10714 ft./sec. (1.0x10714 m/s). The thicknesses of the 

Synthetic liners considered ranged from 30 to 80 mils (0.76 

i to 2.0 mm). Variations in liner thickness in this range 

| will not significantly affect the flow resistance of the 

, liner. 

i . Based on the discussion of soil-bentonite and synthet- 

| ic liners in References 7 and 8, the following liner thick- 

{ nesses and permeabilities have been chosen for evaluation 

in this report. | 

i 
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f Liner Type _ Thickness | Permeubility 

(ft.) (m) (ft./sec.) (m/s) 

i Soil-bentonite 0.5 0.15 > .6x1072 - 5.0x1 0719 

Soil-bentonite 1.0 0.30 1.6x107? 5.0x10719 
Soil-bentonite 2.0 0.61 1.6x1072. = 55. 0x1 0719 

i Synthetic 0.003 0.001 3.3x10714 =1.0x10714 

f 4.2 Underdiains 

In general, an underdrain for a tailings pond consists 

i of an interconnecting system of granular soil and perfo- 

: rated pipes. In this report the underdrain is always as~ 

i | - sumed to be underlain by a liner. une primary purpose of 

an undeirdrain is to provide a means for capturing most of | 

- the water seeping “'rom the tailings and reducing the pres— © 

ft Sure hccd on the liner. thereby reducing the seepage 

| | through the Jincr. A sevonda.y purpose of an underdrain is 

| to provide « means tor draining tue tailings as rapidly as 

| | possible after the reclamation cap is in-place. 

Uncerdrains were discussed in detail in Reference 9. 

| a In that report several types of underdrains were examined 

' and one type was recommended. The recommended underdrain 

| f consists of two layers of granular soil. The upper layer 

| would act as a filter between the tailings and the more 

| coe se-grained lower layer. The recommended thickness of 

‘i each 1tayer was 1.0 foot (0.3 m). The underdrain would 

| generaliy be graded from the center of the pond to a perim- 

| : eter pipc collection System. The seepage into the under- 

) drain would be removed by pumping. 

| | 
| The perneability of the drain material was estimated 

! i in Reference 9 using a correlation based on the grain-size 

| distribution of the material (Hazen's Formula). The esti- | 

i mated permeability was 1.6x1072 ft./sec. (5.0x1073 m/s). 

a oo Golder Associates | |
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5.0 METHODS OF COMPUTING POND SEEPAGE 

i 9-1 Pond Seepage During Operation 

i The model for computing the seepage rate during opera- 

tion from a tailings pond with a liner and no underdrain’- 

| i: system is shown in Figure 4. The equation in Figure 4 is a 

| version of Darcy's law modified for water flow through two 

: layers of different permeability. The factor in the nume- 

f 7 rator (D, + Dy + Dy; - hg) represents the differential pie- 

zometric head causing seepage. The denominator in the 

i equation represents the combined resistance to water flow 

of the tailings and. the liner. The equation in Figure 4 

i may also be applied to unlined ponds by taking the liner 

, thickness (D,) to be zero. 

i Seepage rates during operation from tailings ponds 

| with liners and underdrain systems can be computed using 

; Darcy's law: | 

i Q=kiaA (5.1) 

where sO 

| i Q = the seepage rate through the liner 
kK = the permeability of the liner 

| 1 = the hydraulic gradient across the liner 
| A = the area of the pond 

, In calculating the hydraulic gradient across the liner, it 

was assumed that the piezometric head in the underdrain 

f (hy) is uniform over the pond area and 1s equal to the 

ps hydraulic thickness of the underdrain. The method for 

| a determining the hydraulic thickness of the underdrain was 

| “explained in Reference 9. The hydraulic gradient across 

the liner (i) in ponds with underdrains is calculated in 

i this report as follows; 

i . Ay + Dr - hf 
| a (5.2) 

: Dy 

| a | Goider Associates
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| MODEL FOR COMPUTING SEEPAGE RATE DURING OPERATION FIGURE 4 
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| where hp is the head in the underdrain and the other terms 

i are defined in Figure 4, 

f ; 5.2 Pond Seepage After Reclamation 

. 5.2.1 Lined Ponds Without Underdrains 

i The drainage of water from the pore space in a tail- 

| , ings pond with a bottom liner and no underdrain may be 

i : controlled by one of two factors: (1) the combined resis- 

‘tance to water flow of the tailings and liner or (2) by the 

i rate at which water will drain from the pores of the tail- 

| ings. The first factor controls if the combined resistance 

| f to flow of the tailings and liner retard the drainage suf- 

ficiently that complete drainage of water from the pores 

i Can occur as the piezometric level drops. If the combined 

po resistance of the tailings and liner would allow the piezo- 

| metric level to drop faster than water will drain from the 

| i pores of the tailings, the second factor controls. | 

| i The model presented in Figure 5 is for computing seep- 

: | age rates for the case where the drainage of water 1s con- 

| i trolled by the combined resistance to flow of the tailings 

| and liner. The derivation of these equations is given in 

| i Appendix B. In deriving the equations, some assumptions 

| were made. The piezometric level was assumed to be ini- 

tially at the surface of the tailings. The rate of infil- 

| i tration of precipitation into the reclamation cap and the 

| drainable porosity of the tailings were assumed to be con- 

) f Stant. Also, seepage caused by consolidation of the tail- 

f° ings during drainage was assumed to be negligible. 

| i , Throughout the drainage of the tailings, the piezometric 

| ~ head at the base of the liner (he) was assumed to be 

| i zero. It will be shown in subSequent sections that this 

| assumption is reasonable for the Seepage rates expected 

i : from lined ponds. | 

| i Goider Associates |
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i MODEL FOR COMPUTING SEEPAGE RATES FIGURE 5 

AFTER RECLAMATION, FOR LINED PONDS , 
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For the case where the drainage is controlled by the 

J rate at which water will drain from the pores of the tail- 

ings, it will be shown in a subsequent chapter of this | 

: report that, for the liners and ponds considered, the rate 

| water will drain from the pores of the tailings does not’ 

I control the drainage of the tailings. 

| | 5.2.2 Lined Ponds With Underdrains 

a | | The method of estimating seepage rates through the 

liner for ponds with underdrains is the same after reclama- 

i tion as during operation, as long as the piezometric head 

in the underdrain (Ay) is known. The piezometric head on 

i | the liner is dependent on the seepage into the underdrain 

from the tailings and on the operation of pumps in. the 

i underdrain to remove seepage. The seepage rate from the 

| tailings into the underdrain is expected to gradually de- 

| crease after the reclamation cap is in place. Eventually . 

. the seepage rate into the underdrain will be equal to the 

: infiltration rate into the reclamation cap over the pond 

i , surface. 

| While the pumps in the underdrain are operated the 

seepage through the liner will essentially be constant or 

| could decrease slightly depending on how the pumping system 

| is operated. If the pumping is stopped after substantial 

| i drainage of the tailings has occurred and the rate of seep- 

: age from the tailings is equal to the infiltration rate, 

| i then the seepage rate through the liner will be equal to | 

) - the infiltration rate. This rate could be greater or less 

| than the seepage rate through the liner during the time 

: E "  . when the pumps are operated, depending on the characteris- 

| tics of the reclamation cap. On the other hand if the 

| i pumps in the underdrain are shut off at a time when sub- 

| | Stantial drainage of the tailings must still occur, the 

, 
i Golder Ass ciates |
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| seepage rate through the liner is expected to increase 

a substantially from the rate during operation of the pond, 

to a maximum value equal to that if no drain were pres- 

; ent, This rate would gradually decrease until it equals 

| the infiltration rate allowed by the reclamation cap. 

i | An important factor in estimating seepage rates after 

| reclamation, from a pond with an underdrain, is the time 

i required for the seepage from the tailings into the under- 

drain to effectively reach the steady-state rate equal to 

i the infiltration rate. This corresponds to the time when 

| virtually all gravity drainage of the tailings is com- 

; . plete. The method used to estimate the time required to © 

effectively reach steady-state conditions and the corre- . 

| Sponding decrease in seepage from the tailings is described } 

in Appendix C and its application discussed in Section 9.3 

: in this report. - | 

i . 

i . 

i | | 

[ | 

: 
i 

i 
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6.0 EFFECTS OF SUBSURFACE CONDITIONS ON POND SEEPAGE 

i 6.1 General 

: It was shown in Section 5.1 that the piezometric head 

| immediately below the liner (h¢) of a tailings pond affects. 

| the seepage from the pond. The piezometric head below the 

J liner at the Crandon site is initially expected to be zero 

| or slightly negative, due to negative capillary pressures 

i in the pores of the till. However, this initial value may 

| be altered by seepage from the tailings pond. The purpose 

i of this section of the report is to determine the condi- 

tions under which the piezometric head in the till immedi- 

i ately below the liner (hg) is likely to increase substan- 

tially from its initial value and to determine if there is 

a potential for such head changes to affect the seepage 

i from the pond. 

i Considering the glacial soils and location of the 

| groundwater level at the site, there are two conditions 

i that could cause the piezometric head in the till immedi- 

| ately below the liner to increase substantially from its 

i initial value of zero or Slightly negative. The two condi- 

tions are: (1) the development of a saturated zone immedi- 

ately below the pond bottom that is not connected to the 

| i | - regional groundwater system, i.e. a Saturated zone above 

the wetting front, and (2) the development of a mound in 

i the groundwater system that rises to the pond bottom. The 

seepage rates necessary to cause the development of these 

E two conditions are evaluated in Section 6.2 and 6.3, re- 

Spectively. Also in Section 6.3, an estimate is made of 

| . the time required for a mound in the groundwater system to 

a rise to the pond bottom. 

I 
a 

| F Goider Associates |
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6.2 Development of a Saturated Zone Below the Pond 

i Bottom 

| As a pond is filled, seepage from the pond will enter 

the unsaturated zone beneath the pond and begin to move 

downward toward the groundwater. The leading edge of the 

E downward-moving seepage iS commonly called a wetting 

. front. If the zone above the wetting front is Saturated, 

| i Ae will increase from a small negative value to some posi- 

/ tive value as the wetting front moves downward. As h¢ 

i increases the seepage rate through the zone beneath the 

‘pond and from the pond decreases. Therefore, if the zone 

i | - above the wetting front is saturated, the seepage rate from 

the pond will decrease with time as the wetting front pro- , 

J gresses downward. On the other hand, if the zone above the } 

wetting front is not Saturated, he will remain at or near 

its original value, and the seepage rate from the pond will 

q be unaffected by the progression of the wetting front. 

i | The seepage rate at which the zone above the wetting 

front will be saturated as it moves downward toward the 

i water table can be estimated for the Crandon site using the 

principles described above. It can be shown (Reference 10) 

i that the zone above the wetting front will not become satu- 

| rated unless the seepage rate per unit area is greater than 

Or equal to the vertical permeability of the foundation 

i soils. The foundation soils for the ponds will be the 

gQlacial till described previously. The vertical permeabil- 

i ity of the tili was previously discussed and ranges from 

| 8.8x1077 — to 9.9x107© £t./sec. (0.27x1076 to 
E - 3.0x1076 m/S). Our best estimate of the vertical permea- | 

bility of the till is 3.1x107® £ft./sec. (9.4x1077 m/s). 
i Using these permeability values and the principles dis- 

cussed above, the seepage rate necessary to Saturate the | 

to 
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zone above the wetting front is expected to be in the range 

i of 1800 to 19,000 gallons per minute per 100 acres (0.11 to 

. 1.2 m>/s per 40 hectares), with 6000 gallons per minute per 

i . 100 acres (0.4 m/s per 40 hectares) being the most likely 

, value. 

i Therefore, the seepage rate from the pond will not be 

, | affected by the advancing wetting front for seepage rates 

| | of less than 1800 gallons per minute per 100 acres 

/ (0.11 m>/s per 40 hectares), and is unlikely to be affected 

i by the advancing wetting front for seepage rates less than 

| 6000 gallons per minute per 100 acres (0.4 m2/s per 40 hec- 

E tares). 

i | 6.3 Mounding of Groundwater to Pond Bottom | 

6.3.1 General 

| Seepage progressing downward through the unsaturated 

| zone eventually will reach the groundwater. The effect 

| i this seepage has on groundwater levels depends on the mag- 

| nitude of the seepage rate compared to the natural infil- 

E tration rate. A reasonable range for the natural infiltra- 

tion rate in the Crandon Project area is believed to be 

from 6 to 12 inches per year (150 to 300 mm per year), 

i | which is 30 to 60 gallons per minute (0.002 to 0.004 m>/s) 

over a 100-acre (40 hectare) area. If the pond seepage 

i rate is approximately equal to the average natural infil- 

tration rate, the seepage will enter the groundwater system 

i and will not substantially affect the groundwater level. 

| If the pond seepage rate is much less than the average 

i . natural infilration rate, the local groundwater level may 

| oe drop. If the seepage rate from a pond substantially ex- 

| i ceeds the average natural infiltration rate, the ground- 

water level will tend to rise under tthe pond and may even- 

5 | tually rise or mound to the pond bottom. 

i Golder Associates |
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i If the mound rises to the pond bottom it will cause 

| the head at the base of the liner to increase, and conse- 

E quently decrease the seepage rate from the pond. At that 

- point the seepage rate from the pond becomes a function of 

| the gradients in the groundwater system, as well as the 

| combined resistance to flow of the liner and tailings. If 

, the seepage rate necessary to cause mounding to the pond 

“bottom (Qm) is greater than the maximum seepage rate an- 

ticipated from the pond system, the effects of mounding do 

i | not need to be considered further. The analyses for esti- 

| mating this seepage rate is presented in Sections 6.3.2 

E | | through 6.3.4 of this report. 

J 6.3.2 Description of Model | 

A simple model for. predicting the height of the 

; groundwater mound as a function of the seepage rate from a 

~ pond is illustrated in Figure 6. The derivation of the 

i equations shown on Figure 6 are included in Appendix A. 

The following assumptions have been made in developing the 

i model: 

1. A steady-state seepage condition exists. 

i 2. Horizontal water flow in the till is negligi- 
ble. | 

i | 3. The pond can be idealized as circular in plan. | 

4. Water flow in the stratified drift is radially 

i symmetric. , 

oe 5. Vertical water flow in the stratified drift is 
i | negligible. 

6. Water flow in the stratified drift is governed by 

i the steady-state equation for a well in a non- 

| leaky artesian aquifer with a circular constant- | 

oo head boundary condition (Equation 2 in Fig- 

i ure 6). 

; oe Golder Associates
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i The implications of assuming steady-state seepage con- 

ditions will be discussed later in this section. The re- 

i maining assumptions are examined below. 

[ The assumption that horizontal flow in the till is 

| negligible is not strictly true. On the edges of the pond 

| the seepage will flow in a generally vertical direction 

i toward the stratified drift, but it will have some horizon- 

tal component. Because of the large difference in the per- 

i | meabilities of the till and the stratified drift, the area 

| affected by the horizontal seepage on the edge of the mound 

; . will be insignificant compared to the total area of the 

mound, | | 

i The constant head boundary condition referred to in 

sg Item 6 has been assumed to be at a distance of 4000 feet 

i (1200 m) from the center of the pond. This corresponds 

roughly to the distance from the center of the Sites 40 and 

i 41 to the nearest open bodies of water which are known to 

be groundwater fed (Ground Hemlock Slough east of Site 41 

i and the wetland northwest of ROlling Stone Lake for 

Site 40). 

I on 
The remaining assumptions given above are all con- 

i Sidered to be reasonable first order approximations. 

~~ 6.3.3 Results and Sensitivity Analyses 

i In the model shown in Figure 6, the groundwater level . 

- will mound to the pond bottom when h equals 70 feet 

i | (20 m). The idealized circular pond shown in Figure 6 has | 

. a radius of 1180 feet (360 m) which corresponds to a pond 

i area of 100 acres (40 hectares). Applying the model to a | 

| 100 acre (40 hectares) pond using the parameters shown in 

i 
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Figure 6, the groundwater level in the till will mound to 

i the pond bottom when the steady-state seepage rate from the 

pond exceeds 1800 gallons per minute (0.11 m3/s) for a 

i Sustained period. The steady-state seepage rate from a 

pond over a sustained period that is expected to cause the. 

a groundwater to mound to the pond bottom will be referred to 

- as Qn- | 

i | An inspection of Equation 1 in Figure 6 reveals that 

the value of Q, per unit area is dependent on the pond 

i Size. For a reasonable variation in pond area from 50 to 

| 300 acres (20 to 120 hectares), Q, per unit area varies 

i less than 25 percent from Q, per unit area for a 100 acre 

(40 hectare) pond. Therefore, it is concluded that the 

i variation in Q, per unit area is not significant for the 

pond sizes anticipated for this project. Therefore, Q, can 

i be considered roughly proportional to pond area. 

| It is also important to determine the sensitivity of 

j - Q, to variations in the parameters in Equation 1 in Fig- 

ure 6. The parameters most likely to cause substantial 

; variations in Q, are R, k,, and ky. The effect on Q, of 

variations in each of these parameters is evaluated be- 

; ; low. : 

i Because of external boundary conditions imposed by the 

wetlands, lakes, and streams around Sites 40 and 41 that 

: are connected to the groundwater, R may exceed 4000 feet 

i (1200 m) in a particular direction. Larger values of R 

| reduce the value of Qn: If R is as much as 20,000 feet 

| i oo (6100 m), approximately the distance from Site 41 to the | 

} wetland northwest of Rolling Stone Lake or from Site 40 to 

: i Ground Hemlock Slough, Q, becomes 1200 gallons per minute 

| (0.08 m3/s) which is a decrease of’ only 33 percent for a 

I 
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five fold increase in R. Therefore, we conclude that Qm is 

F relatively insensitive to reasonable variations in R. 

: From the pump test studies (Ref. 3) the range in the 

horizontal permeability of the stratified drift (k,) is 

i 2.5x1074 to 7.6x1074 ft./sec. (7.6x107> to 2.3x107* m/s). 
| Using this range for k, in Equation l in Figure 6, Q, var- 

i | ies from 1400 to 2100 gallons per minute (0.09 to 

0.13 m/s) for a 100 acre (40 hectare) pond. This varia- 

tion is considered small compared to the corresponding 

i variation in Ky Therefore, we conclude that Q, is rela- 

tively insensitive to variations in k,- 
i | , 

The range in the vertical permeability of the till | 

| (k,) interval is 8.8x1077 to 9.9x107® ft./sec. (2.7x1077 to _ 
3.0x1076 m/s). For this range in k,, Q, varies from 700 to 

i 3200 gallons per minute (0.04 to 0.20 m3/s) for a 100 acre 

_ (40 hectare) pond. This variation is considered substan- 

tial, and based on the conclusions above, ky is the only 

E parameter which when varied over a reasonable range of 

| confidence has a substantial affect on Q,- 

dy 
In conclusion, it can be stated with considerable 

i confidence that the seepage rate from a tailings pond will 

- not be affected by mounding of the groundwater below the 

| i pond as long as the seepage rates are less than 700 gallons 

| per minute per 100 acres (0.04 m3/s per 40 hectares), and 

_ it is unlikely to be affected by mounding for pond seepage 

{ : rates less than 1800 gallons per minute per 100 acres 

—_ (0.11 m3/s per 40 hectares). | 

Lt. 
: 6.3.4 Time Required for Groundwater to Mound to 

| i ~ Pond Bottom 

| | It was shown in the previous section that the ground- | 

| i water is likely to mound to the pond bottom if the pond 

. os Golder Associates | |
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seepage rate exceeds 1800 gallons per minute per 100 acres 

i (O.11 m3/s per 40 hectares) for a sustained period. In 

: that analysis, it was assumed that steady-state conditions 

i exist, i.e. the mound has risen to the pond bottom and 

stabilized there. The time required for the groundwater to. 

| i mound to the pond bottom at a constant pond seepage rate of 

| 1800 gallons per minute per 100 acres (0.11 m>/s per 

| 40 hectares) is evaluated below. This 1S important be- 

i | cause, if the time required for the groundwater to mound to 

the pond bottom exceeds the duration of the seepage rates 

i larger than 1800 gallons per minute per 100 acres 

| (O.11 m3/s per 40 hectares) the mound cannot rise to the 

i pond bottom. 

i The model shown in Figure 6 can be applied to estimate 

the time it would take for the groundwater to mound to the 

, i pond bottom. It was necessary to assume that steady-state 

- conditions exist over each of a series of time incre- 

fs ments. The seepage rate into the stratified drift was 

i | computed for each time increment using Equation 1 in Fig- 

ure 6. The law of conservation of mass was used to obtain 

| the following equation for the increase in h in a time 

; increment. | | 

oo. AAG = ACE (Qin out) i feet) 

i where : “Ms 
ah = increase inh for time increment, 

| i At = time increment, | 

- Ng = ratio of volume available for stor- 

. age in till to the total volume of 

| i co the mass, : | 

| A = area of the pond, 

| i | Qin = seepage rate from the pond, and 

| Qout 7 Seepage rate’ into stratified drift 
| computed from Equation 1 in Fig- 

: i ure 6. 

i Golder Associates
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i The subscript, i, represents the time increment. The value 

Of Qoy+ for any time increment was computed using the aver- 

f age value of h for the time increment. It was necessary to 

iterate on each time increment because Q,,,; and h are in- 

i terrelated. 

| The method was used to compute the time required for a 

i constant seepage rate of 1800 gallons per minute 

| (0.11 m/s) from a 100 acre (40 hectare) pond to mound the 

i | groundwater to the pond bottom. The calculation indicates 

| that approximately one year will be required using a value 

i of ns Of 0.07. For a range in ng of 0.03 to 0.3, the time 

for the mound to rise to the pond bottom ranges from : 

| 6 months to 4 years at a constant seepage rate of 1800 gal- | 

lons per minute (0.11 m3/s) from a 100 acre (40 hectare) 

, pond. On the basis of this analysis, it can be concluded 

that the groundwater level is not likely to mound to the 

' pond bottom unless the seepage rate exceeds 1800 gallons 

i per minute per 100 acres (0.11 m3/s per 40 hectares) for a 

| period of at least one year. 
I | 

6.4 Summary and Conclusions 

i The seepage rate from a pond is influenced not only by 

the depth of tailings and water in the pond, but also by 

i the plezometric head (he) in the till immediately below the | 

pond. Two seepage conditions can develop below the pond 

i which affect hg. One is the saturation of the zone below | 

- the pond bottom as the wetting front advances toward the 

water table. The other is the development of a mound in | 

i the groundwater that rises to the pond bottom. 

i As the wetting front advances it was shown that the | 

8 | head immediately below the pond (he) will not increase 

i 
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above its initial value unless the seepage rate from a 2 

i 100 acre (40 hectare) pond exceeds the lower bound of , 

) | 1800 gallons per minute (0.11 m/s) and is unlikely to | 

i. Saturate unless the rate from a 100 acre (40 hectare) pond 3 

exceeds 6000 gallons per minute (0.4 m3/s). For a seepage 

. rate of greater than 6000 gallons per minute (0.4 m/s) 

| from a 100 acre pond it is likely that he will increase 

i above itS initial value almost immediately and will con- 

| | tinue to increase as the wetting front advances toward the 

, groundwater system. This increase in he will cause the 

seepage rate to decrease with time until the wetting front 

reaches the groundwater. At that point the seepage rate 

i from the pond becomes very complex and is largely a func- 

| tion of gradients in the regional groundwater system. _ 

i It was also shown that the groundwater level will not 

mound to the pond bottom unless the seepage rate from a 

| 100 acre pond exceeds the lower bound of 700 gallons per 

_ minute (0.04 m3/s) and is unlikely to mound to the pond 

i bottom unless the seepage rate from a100 acre (40 hectare) 

pond exceeds 1800 gallons’ per minute per 100 acres 

j (0.11 m3/s per 40 ha) for a period of at least one year. 

Based on the discussion above, it is concluded that at 

i - Seepage rates less than 700 gallons per minute per 

| 100 acres (0.04 m3/s per 40 hectares) the head immediately 

below the pond will not increase above its initial value of 

i approximately zero and the seepage rate from the pond will 

not be affected by seepage conditions below the pond. For 

i Seepage rates up to 1800 gallons per minute per 100 acres 

(O.11 m?/s per 40 hectares) it is unlikely that seepage 

{ i. conditions below the pond will affect the seepage rate from 

| the pond. Therefore, for the remainder of this report, for 

i seepage rates up to 1800 gallons per minute per 100 acres 

(0.11 m>/s per 40 hectares), it will be assumed that the 

fj head immediately below the pond (h¢) will not increase 

| apove its initial value of approximately zero. 

i Gelder Asscc.ates
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: 7.0 SEEPAGE RATES FROM UNLINED PONDS 

5 7.1 General 

The general equation for calculating seepage rates was 

. i given in Figure 4. For unlined ponds the equation reduces 

| to the following: | 

Q= k, A (DY, + Dy - Reg) (7.1) 

i Pe 
i . For unit seepage rates less than 1800 gallons per 

| minute per 100 acres, it was concluded in Section 6.4 that 

the unsaturated till below the pond does not become satu- . | 

i rated and h¢ remains approximately zero. Therefore, for 

unit seepage rates less than 1800 gallons per minute per 

| f 100 acres, Equation 7.1 reduces to the following: 

f Q =k, A (Dy + Dy) (7.2) 
| | rr 

| 7.2 Seepage Rates with Minimal Ponded Water 

I When the depth of free water ponded on the surface of 

the tailings is minimal, D, can be taken as zero and the 

i equation for Q reduces to the following: | 

i Q=k, A | | (7.3) 

- It is apparent from Equation 7.3 that Q is independent 

| i of the depth of tailings (D;) and that the seepage per unit | 

| area (Q/A) is equal to the permeability of the tailings 

7 (ky). This is true because the distance over which the 

—_ head is dissipated is equal to the head (Dy), i.e. the 

i oe Golder Associates
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gradient is one. The fact that the seepage rate is inde- 

i pendent of the depth of tailings has important implications 

| on the design of the disposal facilities. It means that 

i the total seepage from an unlined pond may be reduced by 

reducing the pond area. Therefore, from the standpoint of 

i minimizing seepage, deep ponds with small areas are prefer- 

able to shallow ponds with large areas. 

i The recommended design value (Ref. 5) for the permea- 

| bility of the tailings (Ky) is 1.6x107/ ft./sec. 

j (5x1078 m/s). Using this value the seepage rate from a 

| 100 acre (40 hectares) pond with minimal ponded water is 

i 310 gallons per minute (0.02 m/s). For comparison the 

range in seepage rate equivalent to the estimated range of 

i natural infiltration is 30 to 60 gallons per minute per 

100 acres (0.002 to 0.0004 m3?/s per 40 hectares). The 

i minimum expected value at which pond seepage is affected by. 

Ss seepage conditions in the foundation is 700 gallons per 

| minute per 100 acres (0.04 m3/s per 40 hectares). There- 

f | fore, the seepage rate from unlined ponds with minimal 

| ponded water is independent of seepage conditions in the 

q foundation, and the seepage rate may be computed using 

Equation 7.3. | 

a 7.3 Seepage Rates with Substantial Ponded Water , 

i The seepage rate is Strongly dependent on the depth of 

free water ponded on the surface of the tailings (D,) rela- 

! f tive to the depth of tailings (D,). Equation 7.2 can be 

: - rewritten to emphasize the effect of the ratio of D,/D,- 

: i oo D | (7.4) 
Q= ke Al Bay ' ee 

| , . 

| 
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| Equation 7.4 is presented in graphical form in Fig- 

i ure 7 for a 100 acre pond and a tailings permeability of 

1.6x107/ ft./sec. (5x1078 m/s). It can be seen in Figure 7 

| that seepage rate increases rapidly as the depth of ponded 

water increases. For example for a tailings depth of 

i 10 feet the seepage rate increases from 310 to 620 gallons 

| per minute (0.020 to 0.040 m/s) as the depth of ponded 

: i water increases from 0 to 10 feet (0 to 3m). It can be : 

seen from Figure 7 that the seepage rate may be affected by 

mounding of the groundwater to the pond bottom when the 

i | ratio of the depth of free water to the depth of tailings 

| ls greater than about 1.2. 

i 
/ 7.4 Seepage Rates from Ponds After Reclamation . 

i The seepage from an unlined pond after reclamation is 

analogous to the seepage into an underdrain overlying a 

i liner, as long as pumps in the underdrain are operated. 

: The seepage rates from the tailings into an underdrain are 

; evaluated in Appendix C for lined ponds after the reclama- 

tion cap is in-place. The conclusions drawn in Appendix C 

i are also considered valid for unlined ponds. 

i oe 
i | | 

f | | 

; | 

i 
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8.0 SEEPAGE RATES FROM LINED PONDS 

‘8.1 Introduction 

i Seepage rates for ponds during operation and after 

reclamation are presented in this section. Evaluations are 

i made for ponds with liners ranging from a 0.5 ft. (0.15 m) 

soil-bentonite liner with a permeability of 

5 1.6x1079 £t./sec. (5x10719 m/s) to a 40 mil synthetic liner 

| “with a permeability of 3.3x10714 (1.0x10714 m/s). During 

Operation, seepage rates were calculated for tailings 

i | depths ranging up to 80 feet. The reduction in the seepage 

. rate after the pond has been reclaimed and the long-term or 

i | - steady-state seepage rate for reclaimed ponds are also 

evaluated. | | 

| i 8.2 Seepage Rates During Operation 

i 8.2.1 General 

- The general equation for calculating seepage rates was 

i given in Section 5.1 and is as follows: 

i Q= (Dy, + Dy + Dy - hg)A (8.1) 

Pe + PL | 
i | | Ke Ky, 

i The equation can be simplified somewhat for lined ponds at © 

the Crandon site. For unit seepage rates less than 

f 1800 gallons per minute per 100 acres, (0.11 m/s per 

ot 40 hectares) it was shown in Section 6.0 that the unsatu- 

7 rated till below the pond does not become saturated and the | 

| piezometric head at the base of the liner (h¢) remains 

i approximately zero. 
| 

| i | | Galder Associates
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The liner thicknesses being considered for this pro- 

i ject range from a fraction of an inch to several feet. The 

contribution of the liner thickness (Dy) to the head 

J causing seepage is insignificant (Dy is much less than 

Dy + Dy) during most of the operating life of the pond. 

i Therefore, the equation for computing seepage rates for 

unit seepage rates less than 1800 gallons per minute per 

a 100 acres (0.11 m/s per 40 hectares) reduces to the fol- 

| lowing by setting the piezometric head at the base of the 

' liner (hg) to zero and by assuming that the thickness of 

the liner (Dy) does not contribute significantly to the 

head cauSing seepage. 

[ 

Q= (D+ D.) A (8.2) | 
i as 

I Se Ky 

, 8.2.2 Effect of Tailings on Seepage Rate 

| Equation 8.2 shows that all the variables which in- 

fluence the seepage rate can be controlled by either the 

i design or operation of the pond system, except for the 

permeability of the tailings. Although a specific value 

i for tailings permeabilty has been recommended for use in 

| design, it is still considered important to evaluate the 

' effect of variations in the permeability of the tailings on > 

| the seepage rate. The seepage rates from a 100 acre | 

f (40 hectare) pond with a 50 foot (15 m) depth of tailings 

| | are plotted versus tailings permeability in Figure 8 for 

i soll-bentonite liners with thicknesses ranging from 7 

| 6 inches (152 mm) to 2.0 feet (0.61 m). For comparison the 

. range in seepage rate equivalent to the estimated range in 

i the natural infiltration rate is also shown in Figure 8. 

i | 

i a Golder Assoc ates



| * ‘ + 

y 

; 
© 
K 

"7/0/40 rectered . 
aQ 

ter 10740 mecter (99m/100 ¢¢) 7 
- NOTE “7 

4010 og #0 e 

- ‘600 Oy = S01, 1S) . wo 

+ 00 
N 

300 

sor0-? 

o s 400 
-4 “8 4 #3 
ae 
“3 EQUATION FOR CURVES 

=> 20010-* (0. +0,) a . 
z° 300 “ s° O,  %& 

zs nin se . 

osn : 
. TAILINGS PERMEABILITY RECOMMENDED : Ou 

FOR USE IN DESIGN (0 1S) 
16 110*tt/sec. ( 

200 . 
Mes a 10% ma) 5 

tonto -* ‘ p sort. ' 

“3am 
"ee 9 

‘atimate Range of ie 2h 6ato 1t/ sec. 

100 Mates! Intittretion * Us io msa) 3 

. 20 
60 0 6m) 

: % cee OHIO ree 
‘i “5 10% m9) 

. ° ° (tt /aec. 2 10%) 
i ° 5 0 5 2 < a 0 38 

pee fine LLG fi 104 
° a 4 ‘ ‘ ” 

PERMEABILITY OF TAILINGS, hy 

LEGENO: " 

Q + Seepage Rate SEEPAGE RATES vs. TAILINGS PERMEABILITY f 
me Permeability of taflings 

ky ot Pemeabi lity of Iner . FOR SOft (15m) DEEP PONO 

D, © Depth of tatlings Seat __AS_ SHOWN Drown SK >! 
. ° Deve _iz-is- Checiet 0S S } . <1g- . 

OL + _Mickness ef liner Gwin Golder Associates  “ a wo_lescgh weened 
D_ © Depth of free water " : a 

. : vu



i: - March, 1982 -39- 786085 

The following general conclusions can be drawn about 

i the effect of variations in tailings permeability on pond 

| seepage: 

1. The influence of the permeability of the tailings | 

i — on the seepage rate decreases as the liner's flow 

| resistance (PL/ky) increases. & 

| i | 2. For the liners considered for this project the 

seepage rate is very nearly independent of the 

i | | tailings permeability for tailings permeabilities 

| equal to or greater than the value recommended 

i . for use in design (1.6x107/ ft./sec. = 

5x1078 m/s). | | 

) 3. The seepage rate is substantially reduced by the 

| tailings for tailings permeabilities less than 

/ about one-half the value recommended for use in 

| ; design. 

8.2.3 Effect of Pond Depth 

i The seepage rate as a function of head was calculated 

. | for two cases. In each case a pond area of 100 acres 

f (40 hectares) was used and four liner types ranging from a 

| 6 inch (152 mm) soil-bentonite liner with a permeability of 

i 1.6x1072 £t./sec. (5x10719m/s) to a 40 mil (1 mm) synthetic 

liner with a permeability of 3.3x10714 ft./fsec. | 

i (1x10714 m/s) were considered. | . 

i In the first case the ponds were assumed to contain | 

a water only. The results of the calculations are plotted in 

Figure 9. The seepage rates for this case represent an 

i upper bound for each of the three soil~bentonite liners 

; shown. The curve for the 40 mil (1 mm) synthetic liner is 

i oe Gc'der Associates .
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not shown on Figure 9 or on the figure for the other case 

i because the seepage rate, even ata head of 80 feet (24 m), 

is only about 2 gallons per minute per  =4100 acres 

; (0.0001 m3/s per 40 hectares). The seepage rate for a 

water depth of 50 feet (15 m) ranges from 80 gallons per 

| minute per 100 acres (0.005 m3/s per 40 hectares) for a 

E 2 foot thick soil-bentonite liner to 310 gallons per minute 

per 100 acres (0.02 m3/s per 40 hectares) for a 6 inch 

i (152 mm) thick soil-bentonite liner. 

i In the second case, seepage rates were computed for 

| ‘various depths of tailings and the same liners uSing a 

i . tailings permeability of 1.6x107/ £t./sec. (5x1078 m/S). 

The depth of water over the tailings was assumed to be , 

| minimal. The results are plotted in Figure 10. The seep- } 

age rates for a tailings depth of 50 feet (15 m) range from 

60 gallons per minute per 100 acres (0.004 m3/s per 40 hec- 

| i tares) for a 2 foot thick soil-bentonite liner to 160 gal- 

| lons per minute per 100 acres (0.01 m3/s per 40 hectares) 

E for a 6 inch (152 mm) thick soil-bentonite liner. 

i A comparison of Figures 9 and 10 further confirms the 

conclusion above that the tailings have a major effect on 

i seepage rates for low resistance liners and very little 

| ' effect for high resistance liners. 

| | | 
| Another important conclusion can be made by comparing 

Figures 9 and 10. In lined ponds filled with tailings, 

| i : an increase inthe depth of tailings (and consequently an 

oe increase in head) causes a less than proportional increase 

| i in the seepage rate. This effect becomes more pronounced | 

| as the tailings permeability decreases. Therefore the same 

t 
F | 
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| conclusion can be made for lined ponds as was made for 

| i unlined ponds. From the standpoint of minimizing seepage 

during operation, deep ponds with small areas- are 

| i preferable to shallow ponds with large areas. 

| 8.3 Seepage Rates from Ponds After Reclamation | 

8.3.1 General 

| It was previously discussed in Section 5.2.1 that 

drainage of the tailings will be controlled by one of two 

| i factors: (1) the combined resistance to flow of tailings 

: and liner, or (2) the rate at which water will drain from 

| i the pores of the tailings. The first factor controls if 

| the combined resistance to flow of the tailings and liner 

| retard the drainage sufficiently that complete drainage of 

i water from the pores can occur as the piezometric level 

| drops. T£ the combined resistance of the tailings and 

: i liner would allow the piezometric level to drop faster than 

: water will drain from the pores of the tailings, the second 

3 ; factor controls. 

| i The rate of drainage and the corresponding decrease in 

seepage rate can be evaluated for conditions where the | 

! F | first factor controls using the model in Figure 5. Predic- 

| tions made using the model, along with the concepts dis- 

| cussed in Appendix C can be used to evaluate which of the 

q factors above will control the rate of drainage of the 

tailings for a particular set of conditions. 

t 
: It was concluded in Appendix C that a reasonable best 

|g estimate of the time for a 50 ‘foot (15 m) deep tailings 

| pond with an underdrain to reach steady-state conditions is 

f 6 years, provided the long term infiltration rate is in the 

i 
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range of 1 to 4 inches per year (25 to 100 mm/yr.). Ac- 

i cording to the concepts in Appendix C, the time to reach 

| steady-state is approximately proportional to the thickness 

; of the tailings. Therefore, the time to reach steady-state 

for a one foot (300 mm) layer of tailings would be about 

; 0.12 years (6 yrs./50 ft.), or taking the inverse, a thick- | 

ness of about 8 feet (2.4m) of tailings would reach 

i steady-state in one year. If the piezometric level in a 

“lined pond, with an infiltration rate in the range of 1 to 

4 inches per year (25 to 100 mm/yr.) as determined by the 

i | model in Figure 5, drops at a rate faster than 8 feet per 

| year (2.4 m/yr.), complete drainage of the pores (drainage 

i . to the volumetric water content corresponding to the infil- 

tration rate) would not occur as the piezometric level : 

J drops. Therefore, under these conditions, the rate of | 

drainage would be controlled by the rate at which water 

: E will drain from the pores of the tailings. On the other 

: , hand, if the piezometric level under the same conditions 

| | drops at a rate slower than 8 feet per year (2.4 m/yr.), 

i complete drainage of the pores would occur as the piezo- 

metric level drops, and the rate of drainage would be con- 

; trolled by the combined resistance to flow of the tailings 

| and liner. 

! The model in Figure 5 predicts that for infiltration 

: i rates of greater than 1 inch per year (25 mm/yr.) the drop © 

| in the piezometric level in a pond with a depth of 50 feet 

| (15 m) during the first year after reclamation will be less 

| E | than 8 feet (2.4 m) for all the liners considered in this 

- report. In subsequent years the model predicts that the 

i piezometric level would drop even more slowly. For ponds | 

with tailings depths less than 50 feet (15 m) the rate the 

i piezometric level drops would be less than the rate for a 

: 50 feet (15 m) tailings depth. For ponds with tailings | 

i 
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depths greater than 50 feet, up to the 80 foot (24 m) maxi- 

F mum considered in this report, the model for some cases 

| predicts drops in the piezometric level that are slightly 

iF larger than 8 feet (2.4m) in the first few years after 

- reclamation, but decrease to about 8 feet (2.4m) or less. 

i in subsequent years. The rate at which water will drain 

from the voids of the tailings may control the drainage of 

the tailings in ponds deeper than 50 feet (15 m) for the 

| E first few years after reclamation, but this is not expected 

to have a substantial effect on the time required to reach 

5 steady-state or on the seepage rates during drainage of the 

| tailings. Therefore, the controlling factor in the rate of 

i drainage of lined ponds considered in this report is ex- 

| | pected to be the combined resistance to flow of the tail- 

| ; ings and liner, and not the rate at which water will drain 

: from the pores of the tailings. This conclusion is valid 

§ for tailings depths up to about 80 feet (24 m) and for. 

| infiltration rates of 1 to 4 inches per year (25 to 

fg 100 mm/yr.). The effect of the conclusion is that the 

| | model in Figure 5 can be used to estimate seepage rates 

after reclamation for any tailings depth and liner con- 

; sidered in this report, and for infiltration rates in the 

range presently considered reasonable for the reclamation 

foc. 

: ; 8.3.2 Time to Reach Steady-State Conditions 

| For the piezometric level in the pond to drop the in- 

| ; filtration rate through the cap (q) must be less than the 

| - seepage rate from the pond. Eventually, as the piezometric 

| i head drops, the seepage rate from the pond becomes equal to 

oo the infiltration rate, i.e. steady-state seepage conditions 

are reached. According to the model in Figure 5 an in- 

q finite amount of time is required to reach steady-state 

| | conditions. Therefore it is necessary to define a time 

i Golder Associates
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where the piezometric head in the pond has dropped almost 

F to the steady-state level (X,.). We chose to define a time 

(tgs) as the point where the piezometric head has dropped 

i 95 percent of the distance from its original level (at the 

surface of the tailings) to the steady-state level (x,.)- 

i The value of x corresponding to tgs is as follows: 

! . 

i . = 0.95 xg, + 0.05 (Dp + Dy) 
¥Q5 | 

To 
: , “By substituting the above equation for Xg, for x in Equa- 

: i tion 2 in Figure 5 and simplifying, the following equation 

| | was obtained: . 

| i tos = ny Dr (Ky - kL (3 ky - 0.95 q)+ 0.95 (Dy + Dz) 

ty kp (ke - 4)? kK, - q 

: It is considered that tgs is a practical estimate of the 

| i time required for the pond to reach steady-state seepage 

conditions. 

: i : 
| Values of tgs for soil-bentonite liners with thick- 

| nesses of 6 inches (152 mm), 1.0 feet (304 mm), = and 

ti 2.0 feet (0.61 m), are plotted in Figure 1l versus the 

| infiltration rate into the tailings. A tailings perme- 

! i ability of 1.6x107/ £t./sec. (5x1078 m/s), a drainable por- 

: osity of 0.3 and a tailings depth of 50 feet (15 m) were 

: ; | used in calculating the values of tgs in Figure ll. It is . 

a apparent that the value of tgs is not strongly affected by 

! i the infiltration rate, but it is strongly influenced by the , 

: flow resistance of the bottom liner. For example, at an 

| infiltration rate of 2.0 inches per year (50 mm/yr.) tgs 

Ss varies from about 12 years for a 6 inch (152 mm) soil-ben- | 

tonite liner to about 41 years for a 2 foot (0.61 m) soil- 

: i bentonite liner. The time to reach steady-state for a pond 

; oe Golder Associates |
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with a 40 mil (1.0 mm) synthetic liner with a permeability 

i of 3.3x10714 ft./sec. (1.0x10714 m/s) could not be shown 

conveniently in Figure 1l, because at an infiltration rate 

i near zero tgc exceeds 100 years. 

i 8.3.3 Piezometric Levels at Steady-State 

: The piezometric head remaining in the pond when 

, steady-state seepage conditions (x,,) are reached at a 

| given infiltration rate are shown in Figure 1l. Figure 11 

i also shows that the steady-state head, and consequently the 

os | Saturated depth of the tailings, varies considerably with 

= variations in the infiltration rate, as well as with liner 

Po type. 
| For any tailings-liner system there is an infiltration 

rate at which the head in the pond will remain at the sur- 

| f face of the pond. That rate is the maximum possible for 

- the system. The maximum infiltration rates for lined ponds 

: i | range from 30 inches per year (760 mm/yr.) for a 6 inch 

! (152 mm) soil-bentonite liner to about 0.2 inches per year 

| (5 mm/yr.) for a 40 mil (1 mm) synthetic liner. A tailings 

! i permeability of 1.6xl07/7 £t./sec. (5x1078 m/s) and a tail- 

| ings depth of 50 feet (15 m) were used in calculating these 

J values. For comparison the estimated range of natural 

; infiltration rate ranges from 6 to 12 inches per year (152 

| i to 304 mm/yr.). 

: ‘ For any pond/liner system there is also an infiltra- 

| OO tion rate at which most of the tailings in a pond will . 

| - desaturate. AS an example, the infiltration rate at which | 

i a 5 foot (15 m) depth of tailings will remain saturated | 

| under long-term. steady-state conditions was evaluated. The 

f rate ranges from 6 inches per year (152 mm/yr.) for a | 

a 6 inch (152 mm) thick soil-bentonite liner to 2 inches per 

- 
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os year (50 mm/yr.) for a 2.0 foot (0.61 m) thick soil-ben- 

i tonite liner and to 0.02 inches per year (0.5 mm/yr.) for a 

Synthetic liner. These analyses indicate that if substan- 

i tial desaturation of the tailings is considered desirable, 

| the reclamation cap chosen for a pond is dependent on the 

| bottom liner in the pond. 

i | | 8.3.4 Variation in Seepage Rate with Time 

- The decrease in seepage rate after the pond has been 

| I reclaimed is shown in Figure 12 for two cases. An infil- 

tration rate of 3.0 inches per year (50 mm/yr.) was as- 

- sumed. The two cases shown were chosen to illustrate the 

i | effect the liner has on the decrease in seepage with 

| time. The seepage rate from a pond wih a synthetic liner 

i would be about 1 gallon per minute (0.0001 m3/s) at the end 

- of reclamation for the case in Figure 12 and that the seep- 

i age rate would not decrease significantly over the time 

| scale used in Figure 12. 

i , 
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| 9.0 SEEPAGE RATES FROM PONDS WITH UNDERDRAINS 

i 9.1 General 

f The estimates of seepage rates for ponds with under- 

| drains have been made for a pond with an area of 100 acres - 

 -_ (2100 feet x 2100 feet) and a bottom graded generally from 

i the center of the pond downward toward the perimeter at a 

| Slope of 2 percent. To keep the estimates as generic as 

i possible and to allow comparison with the seepage rates 

given in this report for ponds without underdrains, the 

i side slopes of the pond have not been considered in the 

analyses below. | 

J 9.2 Seepage Rates During Operation 

“| Seepage rates for ponds with underdrains and liners 

were calculated using a depth of water in the underdrain 

| f equal to the estimated hydraulic thickness of the under- 

: | drain. The method for determining the required hydraulic 

_— thickness of the underdrain was explained in detail in 

: i Reference 9. Using a tailings permeability of 

| 1.6x107? ft. /sec. (5.0x1078 m/s) and an underdrain perme- | 

i ability of 1.6x1072 ft./sec. (5.0x1073 m/s), the required 

hydraulic thickness is 3 inches (76 mm) for a 100 acre | 

{| , (40 hectare) pond with a minimal amount of ponded water 

J“ (average hydraulic gradient through the tailings of 1.0) 

| over the tailings. The required hydraulic thickness is 

| 6 inches (152 mm) for a 100 acre pond (40 hectares) with | 

substantial ponded water over the tailings (average hydrau- 

| | lic gradient through the tailings of 2.0). | 

{ Seepage rates during operation for ponds with an un- 

derdrain and liner are summarized in Table 1. Values are 

. | given for 6 inch, 1.0 foot, and 2.0 foot, (152 mm, 0.30 n, 
| and 0.61 m) thick soil-bentonite liners and for a 40 mil 

t 
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i; | TABLE 1 

SEEPAGE RATES DURING OPERATION FROM PONDS 
‘ WITH UNDERDRAINS AND BOTTOM LINERS 

Seepage Rate 

i | Itiner Thickness h=0.25,, (0.076 m), h=0.5'. (0.15 m) 

| Liner Type ft. (m) gpm (m-/s x 10 *)| gpm (m3/s X 1074) 

i | goil-bentonite! 0.5 (0.15) 5 (3) 6 (4) 

| Soil-bentonite} 1.0 (0.30) 4 (3) 5 (3) 

i | | Soil-bentonite; 2.0 (0.61 3 (2) 4 (3) 

I Synthetic 0.003 (0.001) 0.005 (0.003) 0.01 (0.006) 

Notes: l. h = the average depth of water in the underdrain . : 

i 2. Soil-bentonite liner permeability = 1.6x107? ft./sec. 

' : (5.0x10719 m/s) 

| 3, Synthetic liner permeability = 3.3xl0744 £t./sec. 

J | (1.0x10714 m/s) | 

i 

ii 
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_ synthetic liner. Seepage rates for each liner are given 

i for both a 3 inch (76 mm) and a 6 inch (152 mm) head of 

water in the underdrain. These two cases correspond to 

f gradients through the tailings of 1.0 and 2.0 respective- 

| ly. 

i Table 1 shows that seepage rates from ponds with un- 

derdrains and liners are very small during operation. The 

i maximum seepage rate for the conditions considered in Ta- 

— ble 1 is 6 gallons per minute per 100 acres (0.0004 m3/s 

j per 40 hectares). It can be seen from Table 1 that the 

| seepage rate during operation is relatively insensitive to 

i variations in the thickness of the soil-bentonite liner. 

On the other hand, the seepage rate during operation is 

f Substantially less with a synthetic liner than it is with 

~ the soil-bentonite liners. 

i 9.3 Seepage Rates After Operation . 

i After active disposal of tailings in a pond has 

ceased, it will be important to continue operating the 

pumps in the underdrain during the time the tailings are 

i draining. Continued operation of the pumps while the tail- 

a ings are draining is important to prevent the seepage rate | 

i | through the bottom liner from increasing substantially from 

the rate during operation, and to allow the tailings to 

i drain as rapidly as possible. In the discussions below, it 

has been assumed that operation of the pumps in the under- 

i drain continues until drainage of the tailings is substan- 

tially complete. 

i So The seepage rate through the liner in a pond with an 

| underdrain and liner is related to the seepage rate into 

i the underdrain from the tailings. The seepage rate from 

| the tailings into. the underdrain during drainage of the 

| tailings was evaluated in Appendix C. 

{| Golder Assoc ates |
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i The conclusions drawn in Appendix C are as follows: 

i 1. For a period of about 6 months after the reclama- 

tion cap is completed, the seepage rate from the 
tailings is expected to be about 310 gallons per 

a minute per 100 acres (0.02 m/s per 40 ha). 

| : 2. After this 6 month period the seepage rate from 

- the tailings is expected to gradually decrease 

j - over a period of about 5 years to a rate approxi- 
mately equal to the infiltration rate into the 
reclamation cap, i.e. the long-term, steady-state 

i seepage rate. 

| 3. Our best estimate of the time to reach steady- 
i State conditions, after the reclamation cap is 

complete, is 6 years. Considering a reasonable 
degree of uncertainty in the variation in tail- | 

| ings permeability as the tailings drain, it is - 
i our judgment that the time to reach steady-state 

| conditions, after the reclamation cap is in 

' | place, is not likely to exceed 15 years, 

These conclusions are considered valid for infiltration 

| i rates into the reclamation cap of about 1 to 4 inches per , 

year (25 to 100 mm/yr.) and for a tailings depth of about 

i 50 feet (15 m). The time to reach steady-state conditions 

would be shorter for smaller infiltration rates and tail- 

i ings depths, and longer for larger infiltration rates and 

tailings depths. The time to reach steady-state conditions 

| is expected to be roughly proportional to the tailings 

j depth. It is expected to be less sensitive to variations 

in the infiltration rate. 

7 As the seepage rate from the tailings into the under- 

i drain decreases during drainage of water from the pores of | 

om the tailings, the seepage rate through the liner will es- 

| sentially remain constant, or may decrease slightly, as 

@ long as the seepage is pumped from the underdrain. There- | 

i 
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fore, during this period the seepage rate through the liner 

i will be equal to or slightly less than the rates shown in 

Table 1 for various liners, none of which are larger than 

i 6 gallons per minute per 100 acres (0.0004 m3/s per 40 hec- 

tares). 
. 

7 Under long-term conditions, after drainage of the 

| tailings are substantially complete and pumping from the 

5 underdrain has ceased, a head of water will build up over 

| the liner to a level sufficient to produce seepage through 

f the liner that is equal to the infiltration rate into the 

| reclamation cap. The seepage rate for this long-term, 

i steady-state condition may be greater or less than the 

| seepage rate during operation, depending on the infiltra- 

i tion rate through the cap into the tailings. For high 

infiltration rates and high resistance (D,/k,) liners, the 

| head of water above the liner may rise back into the tail- 

i ings, causing that part of the tailings to re-saturate. 

| The estimated depth of tailings that would be saturated 

a | under long-term, steady-state conditions for a range of 

infiltration rates and various bottom liners is given in 

i Table 2. The seepage rates through the bottom liner from a 

100 acre (40 hectares) pond are also given in Table 2 for | 

1 , each infiltration rate. In calculating the saturated depth 

of tailings, it has been assumed that the combined thick- 

i ness of the filter and underdrain is 2 feet (0.61 m). The 

! Saturated depths of tailings for a pond with a synthetic 

, liner are not shown in Table 2 because even at an infiltra- 

i tion rate of as little as 0.2 inches per year (5 mm/yr.) 

the saturated depth of tailings would be 50 feet (15 m). 

_ 

l | 
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: | | TABLE 2 

SATURATED DEPTH OF TAILINGS UNDER 
| LONG-TERM CONDITIONS 

i FOR LINED PONDS WITH UNDERDRAINS 

Saturated Depth of Tailings: 

j | Infiltration Rate Seepage ,Rate ob ob DpA2.0" 

| | in./yr. (mr/yr.) gpm (m/s) | £t. (m) ft. (m) » (m) | 

i | 1 (25) 5 (0.0003) | 0 0 0 ! 
: | 

. | 2 (50) 10 (0.0006) | 0 1 (0.3) 1 (0.3) 

i | | | 4 (100) 20 (0.001) 2 (0.6) 4 (1) 10 (3) 
: | 

J : 6 (150) 30 (0.002) 3 (1) 8 (2) 18 (5) | 

| / = § (230) = ~——50 (0.003) | 7 (2) 14 (4) 30 (9) | 

i Notes: 
1. oy = the tpickness of. soil-bentonite liner with a permeability 

i of 1.6x1077 ft./sec. (5.0xl10°*% m/s). 

~ 2. The seepage rates given are for a 100-acre pond. 

| [ | 3. The combined thickness of the filter and underdrain was 
assumed to be 2 ft. (0.61 m). 

i 
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: Two important conclusions can be drawn from Table 2: 

| 1. For the long-term seepage rate to be no larger 

| & than the expected magnitude of the seepage rate 

during operation (10 gallons per minute per. 
100 acres), the infiltration rate through the 
reclamation cap must be less than about 2 inches 

i per year (50 mm/yr.). 

| , 2. At relatively high infiltration rates (greater 

i | than about 6 inches per year = 150 mm/yr.), a 

| substantial depth of tailings will re-saturate 
under long-term conditions for any of the liners 

“g considered in this report except the 6 inch 
ff (152 mm) thick soil-bentonite liner. 

\ 
{| Golder Associates |



i | _ , 
i March, 1982 -58- 786085 

10.0 COMPARISONS OF SEEPAGE CONTROL FEATURES 

i Seepage rate estimates have been presented for unlined 

ponds, lined ponds without underdrains, and lined ponds 

5 with underdrains. Estimates have been made for ponds both 

during their operating life and after they are reclaimed. 

5 These included estimates of seepage rates long after the 

| ponds are reclaimed, when steady-state conditions exist. 

: 
| The estimated maximum seepage rates during operation 

i for a 100 acre (40 ha), 50 foot (15 m) deep pond are sum- 

a marized in Table 3. Seepage rates are given for ponds with 

i the liner types discussed above, both with and without an 

| underdrain. The seepage rates for each liner type, with 

| and without an underdrain, are compared in Table 3 to the . | 

I seepage rate from an unlined pond. This comparison shows 

| clearly the effectiveness of the underdrain in reducing the 

[ maximum seepage rate from a pond during operation. It also 

~ shows that increasing the thickness of the soil-bentonite 

| ; liner in ponds with underdrains does not have a substantial 

7 effect on the maximum seepage rate Guring operation. How- 

! i ever, the seepage rate from a pond with an underdrain can 

be reduced substantially by using a synthetic liner instead 

I of a soil-bentonite liner. | 

| Seepage histories for a single 100 acre (40 hectare) 

: 5 pond with a 50 foot (15 m) storage depth are shown in Fig- 

ure 13 for an unlined pond, a pond with a 6 inch (152 mm) 

: i | soil-bentonite liner, and a pond with an underdrain and a . 

- 6 inch (152 mm) soil-bentonite liner. The pond was assumed 

| to be filled at a uniform rate over a 7.5 yr. period and | 

| the reclamation cap was assumed to be in place one year 

| after the pond is filled to capacity. The infiltration 

| i rate after the reclamation cap is in place was assumed to 

be 2 inches per year (50 mm/yr.). The seepage history for 

t 
| {i | a Goider Associates |



/ | TABLE 3 i 
. 

: 
‘ Q 

ESTIMATED MAXIMUM SEEPAGE RATES s 
FOR A 100 ACRES (40 HECTARE), 50 FOOT (15 METER) DEEP POND | 

f~ 
we ng nc We) 
LINGER MATERIAL , LINER ONLY LINER AND UNDERDRAIN ne 

| D,, Q _ Q _ R 
ft. (m) gpm (m3/s x 10 4) gpm (m3/s x 10 4) % 

| Unlined 0 310 (200) 100 310 (200) 100 

soil-Bentonite | 0.5 (0.15) 160 (100) 52 45 (3) 2 

Soil-Bentonite | 1.0 (0.30) 100 (60) 32 4 (3) 1 . 

Soil-Bentonite | 2.0 (0.61) 63 (40) 20 3 (2) 1 

, | 
Synthetic 0.003 (0.001) 1 (0.6) 0.3 0.005 (0.003) 0.002 w ee nL _ | 

. Notes; R = Ratio of Q for any liner and underdrain condition to Q for an unlined pond 

D,, = liner thickness 

| Q = seepage rate | | 

Tailings permeability = 1.6x10~’ £t./sec. (5x1078 m/s) 
Soil-Bentonite liner permeability = 1.6x107? ft. /sec. (5x19~10 m/s) 

| synthetic liner permeability = 3.3x10714 ft./sec. (1x10714 m/s) 

. CO 
. 
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the pond with an underdrain was developed on the assumption 

i that pumping from the underdrain continues until seepage 

from the tailings reaches steady-state conditions. 
i 

Over any period of time the area under the curve Eor. 

| each of the seepage histories shown in Figure 13 represents 

the total volume of seepage from the pond. It is clear © 

i | from Figure 13 that the 6 inch (152 mm) soil-bentonite 

) liner substantially reduces the total volume of seepage 

2 ‘below that from the unlined pond. Similarly the liner and 

i underdrain reduce the total volume of seepage still fur- 

ther. The total volume of seepage from the pond with 

i 6 inch (152 mm) soil-bentonite liner is estimated to be 

| about 50 percent of the volume from the unlined pond during 

i the 20 year period beginning at the start of its opera- 

tion, Over the same period the total volume of seepage 

{ from the pond with a liner and underdrain is estimated to 

be about 3 percent of the volume from the unlined pond, and 

So about 6 percent of the volume from the pond with a liner 

; | and no underdrain. 

§ 

1 
f 
| 

f 

tt 
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11.0 SEEPAGE HISTORY FOR AN EXAMPLE WASTE DISPOSAL SYSTEM 

i A framework has been presented which will allow a 

reasonable estimate of the seepage history of a single 

i waste disposal pond. For this study to be more meaningful, . 

it must be integrated into an overall waste disposal plan 

5 which will allow the seepage history of the entire disposal 

| system to be estimated. 
i 

| | In keeping with the generic nature of this report, the 

i seepage history of an actual proposed waste disposal system 

will not be evaluated. Instead seepage histories will be 

- presented for an idealized system consisting of four 

i 100-acre (40 hectare) ponds, 50 feet (15 m) deep. Each 

pond was assumed to be filled at a uniform rate over a 

; 7.5 year period (for a total project life of 30 years), and 

the reclamation cap was assumed to be in place one year 

a after the pond is filled to capacity. The infiltration 

: rate after the reclamation cap 1S in place was assumed to 

| f be 2 inches per year (50 mm/yr.). 

f Two seepage histories for the system described above 

are shown in Figure 14. One of the seepage histories is 

for a pond system with a 6 inch (152 mm) thick soil-ben- 

i | tonite liner and no underdrains. The other is for a pond 

system with an underdrain and a. 6 inch (152 mm) thick soil- 

5 bentonite liner. The seepage history for the system with 

| underdrains was developed on the assumption that pumping 

a | from the underdrain continues until seepage from the tail- 

_ ings reaches steady-state conditions. These seepage his- 

{ tories show dramatically the effectiveness of the under- 

: , ~" -  @rain in reducing the overall seepage from the waste dis- 

| J posal system. 

ff 
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| 12.0 SUMMARY 

i This report presents analytical methods for estimating 

| seepage rates and the results of those estimates for slur- 

i ried tailings disposal facilities of the approximate size |. 

required for the Crandon Project. The report presents 

a estimated seepage rates during the time a facility is in 

Operation and after the facility has been reclaimed. The 

a types of disposal facilities considered were unlined ponds, 

| lined ponds with no underdrains, and lined ponds with un- 

| f derdrains above the liner. 

| The theoretical principles used in this report to 

i | estimate seepage rates are applicable to any waste disposal 

facility. In applying these principles to disposal facili- 

f ties at the Crandon site, certain assumptions have been 

made. These assumptions always considered the inherent 

i variations in geologic conditions and materiat properties, | 

} and the parameters expected to have a substantial effect on 

| the seepage rate. However it should be recognized that 

virtually no empirical evidence is available to guide judg- 

| ments of this kind. Golder Associates considers the seep- 

| i age rate estimates presented in this report to be consis- 

| tent with the state-of-the-art in making such estimates. | 

t. | 
The methods presented in. this report for estimating 

f seepage rates, as well as the estimates themselves, are 

| considered applicable to proposed waste disposal Sites 40 

3 and 41 for the Crandon Project. Conclusions for other 

- Sites, based on this report, may not be valid. 

| | Seepage rates from tailings ponds may be affected by 

the subsurface conditions below the pond. It was shown 

{ that the seepage rate will not be affected by the subdsur- 

| | face conditions for seevage rates less than 700 gallons per 

[on 
i | Golder Associates |
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minute per 100 acres (0.04 m3/s per 40 hectares) and is not 

7 likely to be affected for seepage rates up to 1800 gallons 

per minute per 100 acres (0.11 m3/s per 40 hectares). Tt 

f was also shown that no lined ponds, and only unlined ponds 

with a substantial amount of ponded water, will have seep- 

i age rates greater than 700 gallons per minute per 100 acres 

| (0.04 m?/s per 40 hectares). Thus, the subsurface condi- 

. tions are not expected to affect seepage rates, except in 

i “the case of an unlined pond with substantial ponded wat- 

: er. | 

| The seepage rate from an unlined pond with minimal 

i . ponded water is independent of the depth of tailing and was 

estimated to be 310 gallons per minute per 100 acres — | 

{ (0.02 m3/s per 40 hectares). The seepage rate from an 

unlined pond with substantial ponded water may be 1000 gal- 

§ lons per minute or more per 100 acres (0.06 m3/s per 

: 40 hectares). If an unlined pond has substantial ponded 

water, seepage from the pond greater than 700 gallons per 

i minute per 100 acres (0.04 m3/s per 40 hectares) may cause 

the groundwater to mound to the pond bottom. 

- 
The seepage rate during operation from a lined pond 

| i without an underdrain was estimated to range from less than _ 

2 gallons per minute per 100 acres (0.0001 m3/s per 40 hec- 

5 tares) for a pond with a synthetic liner to a maximum of 

| 500 gallons per minute per 100 acres (0.03 m>/s per 40 hec- 

tares) for a pond that is filled with water to a depth of | 

| a | 80 feet (24 m) and has a 6 inch (152 mm) thick soil-benton- . 

- ite liner. The seepage rate from a pond with a tailings 

| i depth of 50 feet (15 m) and a minimal depth of water on the | 

| tailings was estimated to range from 60 gallons per minute 

| per 100 acres (0.004 m/s per 40 hectares) for a 2 foot | 

| (0.61 m) thick soil-bentonite liner to 160 gallons per 

t 
{| oo Gelder Associates .
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minute per 100 acres (0.011 m3/s per 40 hectares) for a 

7 6 inch (152 mm) thick soil-bentonite liner. 

.. Seepage rates from lined ponds without underdrains 

Will gradually decrease after the reclamation cap is in- 

; place, Prior to completion of the reclamation cap the 

seepage rate 1s expected to be approximately the same as 

| the maximum rate during operation. The seepage rate will 

i Gradually decrease after the reclamation cap is in place, 

eventually reaching a unit rate equal to the rate of infil- 

i tration of water through the reclamation cap (i.e., steady- 

state conditions). The estimated time required to effec- 

, tively reach this long-term, steady-state Seepage rate, 

assuming infiltration rates in the range of 1 to 4 inches 

f per year (25 to 100 mm/yr.) and a tailings depth of 50 feet 

(l5 m), ranges from about 12 years for a pond with a 6 inch 

(152 mm) thick soil-bentonite liner to about 41 years for a 

| i pond with a 2.0 foot (0.61 m) thick soil-bentonite liner, 

- The time required to effectively reach steady-state condi- 

i | tions in a pond with a synthetic liner was estimated to 

exceed 100 years even at an infiltration rate near zero. 

i While the time to effectively reach steady-state conditions 

is expected to be great for thick soil-bentonite liners or | 

i . Synthetic liners, it should be recognized that the seepage 

rates with these liners are also much lower. : 

E The depth of tailings that remains saturated under 

long-term conditions is dependent on both the liner resis- 

| i tance (D,/ky) and the infiltration rate. In general the 

depth of tailings remaining saturated under long-term con- 

f oo ditions will be greater for higher infiltration rates and 

| liners with greater resistances to flow. An infiltration 

: i rate can be calculated for any liner that will result in a 

> foot (1.5 m) depth of tailings remaining saturated under 

q 
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long-term conditions. That infiltration rate ranges from 

; 6 inches per year (152 mm/yr.) for a 6 inch (152 mm) thick 

soil-bentonite liner to 2 inches per year (50 mm/yr.) for a 

i 2.0 foot (0.61 m) soil-bentonite liner to 0.02 inches per 

year (0.5 mm/yr.) for a synthetic liner. These analyses 

: indicate that if substantial desaturation of the tailings 

is considered desirable, the reclamation cap chosen for a 

. pond must be consistent with the bottom liner in the 

i pond. 

i | | Seepage rates from ponds with an underdrain and liner 

| were estimated to be very small during operation. The 

5 . Seepage rates during operation were estimated to range from 

| 0.005 gallons per minute per 100 acres (3x107/7 m3/s_ per | : 

{ 40 hectares) for a pond with a synthetic liner to 5 gallons 

per minute per 100 acres (0.0003 m3/s per 40 hectares) for 

i a pond with a 6 inch (152 mm) thick soil-bentonite liner. 

These seepage rates were calculated assuming minimal ponded 

water on the tailings. However, the estimated seepage 

i rates are not much greater if the pond has substantial 

ponded water. f 

It has been assumed in the seepage estimates in this 

f report that pumps in the underdrain are operated until 

drainage of the tailings is substantially complete, i.e., 

; until steady-state conditions are effectively reached. The 

| estimate of the time to effectively reach steady-state 

: conditions, after the reclamation cap is in place, is 

i | 6 years. Considering a reasonable degree of uncertainty in 

. the variation in tailings permeability as the tailings 

§ drain, it is judged that the time to reach steady-state | 

conditions, after the reclamation cap is in place, is not 

| i likely to exceed 15 years. These conclusions are valid for 

a infiltration rates of 1 to 4 inches per year (25 to | 

t 
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100 mm/yr.) and for a tailings depth of 50 feet (15m). 

i The time to reach steady-state conditions is expected to be 

roughly proportional to the tailings depth. It is expected 

[ to be less sensitive to variations in the infiltration 

rate. | 

i Seepage rates from ponds with an underdrain and liner, 

| after the reclamation cap is in place but before steady- 

i State conditions are reached are expected to be less than 

. the rates during operation, provided pumping from the un- 

i Gerdrain is continued. The seepage rate for long-term, 

| steady-state conditions (after pumping from the underdrain 

5 has ceased) will be equal to the rate of infiltration over 

| the pond area. This seepage rate may be greater or less 

f than the seepage rate during operation. Infiltration rates 

of 1 to 4 inches per year (25 to 100 mm/yr.) correspond to 

seepage rates of 5 to 20 gallons per minute per 100 acres 

| i (0.0003 to 0.0013 m3/s per 40 hectares). This indicates 

that for the long-term seepage rate to be no larger than 

i | the expected magnitude of the seepage rate during operation 

(10 gallons per minute per 100 acres), the infiltration | 

f rate through the reclamation cap must be less than about 

2 inches per year (50 mm/yr.). | | 

Comparisons of the total volume of seepage from a 

| 100 acre, 50 foot (15 m) deep pond were made for three 

liner conditions: a pond with no liner, a pond with a 

| 6 inch (152 mm) thick soil-bentonite liner and no under- 

i drain, and a pond with an underdrain and a 6 inch (152 mm) 

thick soil-bentonite liner. The comparisons show that over 

ff — the 20 year period beginning with the operation of the 

| pond, tne total volume of seepage from the pond with a 

| 6 inch (152 mm) soil-bentonite liner was estimated to be 

about 50 percent of the volume from the unlined pond. Over 

tq 
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the same period the total volume of seepage from the pond 

i with a liner and underdrain was estimated to be about 

| 3 percent of the volume from the unlined pond, and about 

i 6 percent of the volume from the pond with a liner and no 

underdrain. 

i | Seepage histories were presented for an idealized 

| waste disposal system consisting of four 100 acre (40 hec- 

7 tare) ponds, 50 feet (15m) deep. The two seepage histor- 

| ies presented are for ponds with 6 inch (152 mm) soil-ben- 

i | tonite liners, with and without underdrains. These seepage 

| | histories show dramatically the effectiveness of the under- 

| ; . drain in reducing the overall seepage from the waste dis- 

posal system. | : 
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i EQUATIONS FOR PREDICTING GROUNDWATER MOUNDING 

| The derivation of the equations for predicting groundwater 

mounding is given below. Refer to Fig. 6 for the definitions 

i of the terms. 

The equation for steady-state flow to a well ina confined 

| i aquifer is assumed to be applicable to the flow in the 

| stratified drift from the pond. The equation is as follows: 

: i : 27Lk,H 
: | o= TT (1) 

a 
ff . 

L 7 
| The flow through the till into the stratified drift can be 

| i computed by Darcy's Law as follows: 

| , k_ (h-H) tr? | 
0, = (2). 

| { 2 Dt+h 
! 

| At steady-state Q), must equal Q5- Equating Q); and Qo and 

! i simplifying yields the following equation for H: 

\. 

k rh in (8) 
is po = —— et (3) 
| 2Lk, (D+h) + kyr In (5) 
: | Vv r 

| E Substituting for H in Equation 1 yields the following equation 

: for the steady-state seepage rate: 

: f ; 27Lk, k rch | 
| h ov 

. Q = OR (4) 

2Lk, (Dth) + kyr in(&) 
| i | V x | 

{| | 
| 3 | 
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E EQUATIONS FOR COMPUTING SEEPAGE RATES AFTER RECLAMATION 

i The derivation of the equation for computing seepage rates as 

a function of time after reclamation is given below. Refer to 

i Figure 5 for definitions of terms. 

The sources of seepage are the water draining from the tailings 

and a constant unit infiltration rate, q. The equation relating 

the sources of flow and the seepage rate out of the pond is 

as follows: 

i _ ax 
| Q = Ay at A + gA (1) 

i The seepage rate out of the pond must also satisfy Darcy's Law. 

| Darcy's Law applied to a layered system is as follows: 

i s 
_t + _ . 

i | a ky kK, 

i Combining Equations 1 and 2 yields the following differential 

equation: 
| 

- _ax _ *p St Fox Lg (3) 
£ dt Np Kr (x-D,) + Ky De ke ky 

| i Separating variables in Equation 3 yields the following: 

; | | 

ae ep Pe) 4 
| i | : Dig Dy (Ky-kKy) - kyx (ky -@) 

| i Integrating Equation 4, applying the boundary condition that 

x = dD, + DL at t = 0, and simplifying yields the following: 

| i on D. ky (ky - ky) . k,b(D, + DL) - ¢ 

| D ky b- k,b x - Cc 

: i oe D, + D.-x | 
| t L 

' + ca (5) 

3 where | ) 

i | b = Ky - 2 

| c =D, Gg (Ky - Ky) |
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i At steady-state seepage conditions the seepage rate into the 

pond must equal the seepage rate out of the pond and the 

change in head in the pond (dx/dt) must be zero. Substituting 

; zero into Equation 3 for dx/dt yields the following equation 

for the head in the pond (x) at steady state: | 

E 2 TP eT Bt? 
| ss ke (Ky - q) 

i or, (6) 

i eo = To 
| | ss ky b 

T. , |
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| APPENDIX C 

| i GRAVITY DRAINAGE OF TAILINGS 

IN A POND WITH AN UNDERDRAIN 

: ; Introduction . 

Gravity drainage is the drainage of water from the 

i pore space of the tailings. Substantial gravity drainage 

| is not expected to occur until after the reclamation cap on 

. ; the pond is in place. Provided pumping from the underdrain 

continues during gravity drainage of the tailings, the 

i seepage rate through the liner is expected to be less than 

the seepage rate through the liner during operation. On 

i the other hand, if pumping from the underdrain ceases 

| during the early stages of gravity drainage, a substantial 

| increase in the seepage rate through the liner is expected 

i to occur. The purpose of this appendix is to estimate the 

rate of gravity drainage, and thus, the time required for 

i complete drainage to occur. | } 

i Conceptually, the analysis presented below divides 

| Gravity drainage into two stages. During the first stage 

E the piezometric level in the tailings drops from the sur- 

face of the tailings to below the pond bottom. This is 

| accompanied by a decrease in the volumetric water content 

i | of’ the tailings. The second stage consists of the gravity 

| drainage of tailings that are mow partially saturated. One 

i of the factors influencing the rate of gravity drainage is 

| the rate of infiltration through the reclamation cap. 

i During gravity drainage the seepage rate from the tailings 

: gradually declines, eventually reaching a unit rate equal 

| i - to the infiltration rate, i.e. steady-state conditions are 

oe reached. 

| 

i 
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Stage l | | 

i During the first stage the seepage rate can be esti- 

mated using Darcy's Law. Seepage is controlled by the 

i saturated permeability of the tailings, and the gradient 

through the tailings is one. Throughout the first stage 

i the unit seepage rate would be equal to the saturated per- 

meability of the tailings. This corresponds to a seepage 

i rate of 310 gpm per 100 acres (0.02 m3/s per 40 hec- 

tares). The time required for completion of the first 

stage can be calculated using the following equation which 

i a was derived using a simple mass balance: 

i t = (n- 6,4) Dy 1) | 

| kp . 

i where 

f n =porosity Or volumetric water content at 

| Saturation | 

} §4 = volumetric water content at the end of the 
first stage 

| i | D, = tailings depth 
| kK, = saturated permeability of the tailings 

G =rate of infiltration through the reclama- 
; tion cap. 

| i For a 50 .foot (15 m) tailings depth and infiltration rates 

: ranging from 0.5 to 9 inches per year (13 to 200 mm/yr.), 

| i the estimated time for completion of the first stage ranges 

! from 6 to 7 months. The volumetric water content was as- | 

| Sumed to decrease from 0.5 at saturation to 0.45, as the 

: i piezometric level drops past any point. 

! i A check on the reasonableness of the estimated time | 

| for completion of Stage 1 can be made using the first of 

i the methods of analysis (Method 1) described below for 

| Stage 2 gravity drainage. The Method 1 analysis can be | 

i Golder Associates | |
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| used to calculate an upper bound on the time required for 

f the volumetric water content to decrease a given amount. 

| The analysis shows that an upper bound on the time for the 

i volumetric water content to decrease from 0.5 (saturation) 

to 0.45 is about 9 months. This indicates that the esti- 

i mated time of 6 to 7 months given above for completion of 

Stage 1 is a reasonable estimate. 

i “Stage 2 

The second stage of gravity drainage begins with a 

i partially saturated mass of tailings which is assumed to be 

| | at a uniform volumetric water content of 0.45. Seepage 

i through the tailings can still be estimated using Darcy's 

Law. However the permeability (the permeability of a par- . | 

f tially saturated material will hereafter be referenced to 

as the effective permeability) is a function of the volu- 

E metric water content which decreases continuously during 

the second stage of gravity drainage. Furthermore, the 

i volumetric water content during the second stage is depen- 

dent on the seepage rate. Tt is clear that the seepage 

rate, the effective permeability, and the volumetric water 

i content are interdependent during the second stage of grav- 

ity drainage. 
i | | 

An empirical equation relating effective permeability 

i (k,) and volumetric water content (8) was presented in | 

Reference 10. The equation is as follows: 

cr | ka = ky “ “ye . 
| | _ (2) 

; Np | | 

where | : 

; 6= volumetric water content | 

E 
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| 0, = residual volumetric water content, i.e. the 

; lowest water content that can be achieved 
by purely mechanical means 

7 Ny = drainage porosity (n - 6) 

| A = pore-size distribution index; ranges from 
1.8 to 3.7 for soils tested 

i k; = Saturated permeability of the tailings 

| This equation is based on laboratory data and correlation 

; in Reference 6. The laboratory testing was done on a vari- 

| ety of materials, including two soils described as silt 

; loam and silty clay loam. The data in Reference 6 suggest 

that for a silt-size material, such as the Crandon tail- 

i . ings, a reasonable value of A is 2.0 and a reasonable esti- 

| | mate of 6, is 0.2. A value of 0.3 is considered to be a 

| i reasonable estimate of the drainable porosity. These val- 

ues will be used in subsequent analyses. 

i Under long-term, steady-state conditions, the unit 

, seepage rate is equal to the infiltration rate. The unit 

i seepage rate must also be equal to the effective permeabil- | 

ity (assuming a uniform volumetric water content at steady- 

i State). Thus, under steady-state conditions the effective 

permeability is equal to the infiltration rate. This fact, 

i | along with Equation 2, can be used to determine the volu- 

metric water content at steady-state (Bq) for any given 

infiltration rate. The results for selected infiltration 

i rates (q) are as follows: 

i q, (in./yr.) 6q | 

i . 0.5 0.29 
: 1.0 : 0.31 

2.0 0.33 
i 4.0 0.35 

| 
i Goider Associates |



5 March, 1982 C-5 786085 

These values represent the minimum volumetric water content 

i that will occur for the corresponding infiltration rate. 

i Two methods have been used to estimate the decrease in 

seepage rate with time during the second stage. The two 

i methods are believed to bracket the actual performance of 

the system. | 

i : In the first method, it has been assumed that the 

; volumetric water content decreases with time uniformly 

i | through the tailings, i.e. 6 is a function of time, but not 

: of depth. It can be shown that for a uniform volumetric 

i . - water content less than saturation, the hydraulic gradient 

through the tailings is unity. Therefore, at any time, the 

J unit seepage rate will be equal to the effective permeabil- | 

ity at that time. 

i The rate at which the volumetric water content de- 

: creases using the first method of analysis can be calcu- 

i lated using the following equation: . 

; ko dt = Gat +A9D, (3) 

where 

i At = a time increment 
A\@é = change in #@ over time increment At 

i The other variables are as previously defined. 

i This equation can be solved iteratively (because Kk, is 

oo dependent ong) by taking finite time increments to produce 

; ; a relationship between 6 and t. This can be easily trans- | 

lated into a relationship between the seepage rate and 

i time. This rélationship is plotted in Figure Cl for a 

tallings depth of 50 feet (15 m), and an infiltration rate | 

5 of 2 inches per year (50 mm/yr.). 

i | Goider Associates
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Method 1 shows the seepage rate decreasing to 25 gal- 

: lons per minute (0.0016 m3/s) in about 7 years after the 

Start of the second stage. This corresponds to 95 percent 

i of the decrease from the maximum of 310 gallons per minute 

| (0.020 m3/s) during the first stage to 10 gallons per min- 

i ute (0.0006 m3/s) at steady-state. 

| The second method of analysis made the assumption that 

i the drainage occurs as a front moving downward through the 

tailings. Above the front it is assumed that the volu- 

i metric water content has decreased to the steady-state 

. value (8 q) and below the front the volumetric water content 

i | - is assumed to be equal to the final value at the end of the 

first stage (@=0.45). These assumptions mean that (1) the | 

q zone above the front is not contributing any water from 

drainage of its pores, and (2) the seepage rate from the 

bottom of the tailings is equal to the effective permeabil- 

| i ity at a volumetric water content of 0.45. The analysis 

: | yields a time of 2.6 years for the full 50 foot (15 m) 

E depth of tailings to drain to a volumetric water content 

corresonding to an infiltration rate of 2 inches per year 

i (50 mm/yr.). The variation in seepage rate with time is 

plotted in Figure Cl. 

| The actual variation in seepage rate with time is 

i expected to be between those calculated by the two methods 

described above. The actual rate of gravity drainage of 

the tailings is expected to be faster than calculated in 

i the first method of analysis and slower than calculated in 

- the second method of analysis. Method 1 produces a slower 

; ’ rate of drainage because of the assumption that the volu- | 

metric water content decreases with time, but is uniform 

i with depth. With this calculation method the volumetric 

| water content of the lower part of the tailings - the part 

i 
i os Golder Assnciates |
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which controls the seepage rate - is lower at any time than 

| i actually expected. Therefore, the calculated seepage rate 

at any time is lower than expected, and consequently the 

| calculated rate of drainage is slower than expected. Meth- 

| od 2 produces a faster rate of drainage than is actually > 

i expected, because the volumetric water content of the lower 

part of the tailings is assumed to remain at a constant, 

| i | relatively high value throughout drainage, and consequently 

. the seepage rate remains at a constant rate throughout 

| drainage. The actual seepage rate is expected to decrease 

i with time and the average seepage rate during drainage is 

| | expected to be lower than the constant rate assumed in 

i Method 2. Therefore, the rate of drainage predicted with 

| Method 2 is faster than is actually expected to occur. ~ 

i 
; It can therefore be concluded that for a given set of 

: tailings properties, tailings depth, and infiltration rate 

the actual rate of drainage during the second stage is 

: expected to be between those predicted by Methods 1 and 

E | 2. For the tailings properties, depth, and infiltration 

rate used, the time to essentially reach steady-state as 

i predicted by Method 1 is about 7 years and the time to 

reach steady-state as predicted by Method 2 is about 

| i ; 3 years. For the case analyzed, Golder Associates con- 

siders 5 years to be a reasonable best estimate of the time 

; required for the completion of the second stage of gravity 

drainage. Sensitivity analyses, varying the infiltration 

rate, suggest that this estimate is valid for infiltration 

dt rates in the range of 1 to 4 inches per year (25 to 

| 100 mm/yr.). 

Summary and Conclusions | 

| The following conclusions are considered valid for 

| | infiltration rates of 1 to 4 inches per vear (25 to 

t 
i Golder Assocrates |
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100 mm/yr.) and for a tailings depth of about 50 feet 

E (15 m). 

; 1. For a period of about 6 months after the reclamation 

cap is completed, the seepage rate from the tailings 

i into the underdrain is expected to be about 310 gal- 

| | lons per minute per 100 acres (0.02 m3/s per 40 hec- 

i tares). 

2. After this 6 month period the seepage rate from the 

i | | tailings into the underdrain is expected to gradually 

| decrease over a period of about 5 years to a rate 

; approximately equal to the infiltration rate into the 

reclamation cap, i.e. the long-term,steady-state seep- : 

q age rate. 

; 3. The estimated time to reach steady-state conditions, 

after the reclamation cap is compiete, is 6 years. 

E Considering a reasonable degree of uncertainty in the 

variation in tailings permeability as the tailings 

drain, :it is judged that the time to reach steady- 

i State conditions, after the reclamation cap is in 

; place, is not likely to exceed 15 years. 

The time to reach steady-state conditions is expected to be 

i roughly proportional to the tailings depth. It is expected 

to be less sensitive to variations in the infiltration 

: rate. 

| - WRS:dap_.. 
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