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EXECUTIVE SUMMARY

This report documents the results of the second part of a research project jointly funded
by Noranda Inc. and the Mine Environment Neutral Drainage program. The first part is
covered in a separate report entitled Hydrogeochemistry of Oxidised Waste Rock from
Sratmat Ste, N.B., published concurrently with this report. The overall objective of the
project was to understand the geochemica and hydrologica interactions between partialy
oxidised waste rock and water, and to improve our capabilities and techniques in the
prediction of acidic drainage from waste rock piles.

The main objective of this part of the research was to understand the hydrology and
solute transport within waste rock piles during infiltration and drainage events in response
to precipitation. Large column tests were conducted to achieve this objective. Three col-
umns measuring 1.2 m in diameter and 2 m in height and containing up to 3.7 t of par-
tially oxidised Stratmat waste rock were subjected to ten rain smulations. The bottom
area of each column was divided into drainage partitions. During and after each rain
simulation, the volume and the chemistry of the drainage in each partition was monitored
independently over time.

Geochemically, the experimental results suggest that the concentrations of Ca, Pb, and
Al in the drainage are solubility-controlled by gypsum, anglesite, and jurbanite, respec-
tively. In contrast the concentrations of Zn, Fe, and SO, in the drainage are not subject
to solubility controls. A dilution hypothesisis proposed to explain the concentration varia-
tions of Zn and SO,*. The hypothesis states that the variations of these concentrations
and the pH are aresult of successive dilutions and/or intermixing of various-stage dilutions
of the original pore water, subject to the regulation by redox reactions and mineral pre-
cipitation. All soluble zinc seems to originate from the pore water and not from dissolution
of secondary minerals. The zinc loading in the drainage is a function of the mass transfer
that occurred during dilution and mixing processes.

Hydrologicaly, the experiments have demonstrated that channelling is a ubiquitous phe-
nomenon in the waste rock studied. Large channels representing < 5% of the total drain-
age area conduct 20-30% of the total drainage flow. Intermediate-size channels account-
ing for ~20% of the drainage area carry ~ 40% of the total flow. About 50% of the drain-
age area has background or matrix flows that carry ~30-40% of the total flow. Finally,
~30% of the column base area does not intercept any flow. Channelling is more pro-
nounced in earlier stages of drainage events and tends to attenuate as the draining process
continues. Channel stability is influenced by variables related to the rock bed properties
and ssimulated rain characteristics.



On solute transport, the Zn mass balance shows an efficiency of Zn removal from the
pore water that is comparable to the efficiency of a well-mixed system. Whereas the
mechanism giving rise to this observation is unclear, it is unlikely that the transport of
solutes takes place by pore water displacement. There is no ssimple relation between sol-
ute concentrations and drainage flow rates. A conceptual dendritic-reticulate channelling
model is proposed on the basis of the experimental observations.

Statisticd andlysi's suggests that the flow density and the zinc loading can be appropriately
described by the lognormal distribution, whereas the Zn concentrations are distributed
normally.

The main challenges in flow and solute transport modelling are channelling and interac-
tions between flows and geochemical processes. In this study, porous media flow rock
is differentiated from channelling flow rock based on hydraulic properties. Furthermore,
five basic component structures that make up a waste rock pile are identified. Each
structure has distinct characteristics and should be modelled with different approaches.
Factors influencing water flows and flow effects contributing to flow heterogeneity are
discussed. A mathematical representation of channelling phenomenais developed, which
can be coupled with statistical relationships between solute concentrations and flow rates
to model solute transport in waste rock piles.

The kinematic wave mode, recommended by an earlier MEND study, was applied to the
experimental data. The model did not appear to adequately predict the channelling flow
characteristics of the waste rock. It over-predicted the extent of larger channel flows at
the price of smaller channd flows. The lack of applicability probably stems from the fact
that the kinematic wave model precludes merges and splits of flows within waste rock.
The model may be more appropriate to coarser waste rocks.

Further fundamental research and case studies are needed to advance our understanding
of flow and solute transport in waste rock piles to a point where concentrations and |oad-
Ings in the drainage can be reliably modelled.



TABLE OF CONTENTS

EXECUTIVE SUMMARY ..ottt sttt s tae s s te e s bt e ssse e s ssse e s nssessnssessnaessneeenns I
I Y IO T 17N = S VI
LIST OF FIGURES ... .ottt sttt sba e sabe e nnbe e e nnne s Vi
LIST OF APPENDICES. ...ttt rtes ettt e st st st et e s e e nnae e e nnn e e e nnneeenneesnneeas IX
L.OINTRODUGCTION ..ottt ettt ettt et s s e ssse e s ssse s ssseesneessseeesnneesnnneeens 1
1.1 ReSLArCh ODJECHIVES ... e 1

1.2 Role of Channdlling and Solute Trangport in ARD Prediction............ccccvvceveeieceeceenee, 1

1.3 Literature Review on Flow and Solute Transport in Waste ROCK .........cceveiiieninicneeneee. 2

I (0T = ol 11 oY/ 5

1.5 The Daa DISKE. ......coieeiieeerieeie ettt st sne et e e sre e e e 5

2.0 EXPERIMENTAL METHODOLOGY ....oiiiiiiiiiiieriie ettt 6
2.1 Scale of Heterogenaity anNd REV .........oooiiiiiiiieeeeeeee e 6

AV = (0.= 11007 1= =S To o 1RSSR 7

2.3 EXPEMENTEl SE-UD ...t e 7

2 T R o 11 2 1 0 TP 8

PG T T 041 = o) G 11

PG R T = o 100 1 = LT 13

2.4 EXPEriMENt Preparalion.........coeoieieeieeieeeeseesie st e et sre e sresaesneesse e e 18

2.4.1 Calibration of RaiN SIMUIGEOT. ..........uiiiiiiiieeeeee e 18

2.4.2 Mixing and Loading of Waste ROCK..............cooviiiiiii 21

2.5 Experimenta Conditions and ProCedUIES............ccceeveeveeeececie et 24

2.6 EXPEIMENT EXECULION.......cviieeiieiieeeee ettt st sb e 26

A AN NV EY D= 7= o= RS 26

3.0 RESULTS AND INTERPRETATION ..ottt ee e s e 28
L RESUITS. ..ottt et e a et bbb e eneas 28

3. L1 RAIN SIMUIATON TESS. .uuiiieiee et e e e e e e e e e e e e e eaaaaaaas 29

TN = ol Gl I £ PP 29

3.1.3 Radia Infiltration Dispersion TESES.......cccoviiriiiiiiieeeee e 30

3.2 Drainage GEOCNEMISITY ....c.ueiuiiieeieiesie ettt st st st sbe b seeneas 30

3.2.1 Minerds in Equilibrium with Drainage SolUtIONS..............cceeiiieieiieiiiec e, 30

3.2.2 Minera Solubility Control of Concentrationsin Drainage............ccccvvveeieieeeeeeennnnnnn. 33

3.2.3 Correlation among S, Zn, Fe, and Conductivity ..., 35

3.2.4 Concentration-Controlling Mechanism Inferred from Zn-S Corréelation..................... 44

3.2.5 Correlation among Zn, Fe, S, pH, and FIow Rate..............ccovviiiiiiiiiiiiiieeeeeeeeiiiienn 47

3.2.6 Concentration-Controlling Mechanisms Inferred from S, Zn, Fe-pH Relationships.....54

S 11 0101 T= Y PSP 57



CRCHD = 7= 0/ o V[0 0 oo | SRR 57
3.3.1 Experimental Observations of Channelling ..., 57

3.3.2 Channel Stability and Internal Channel Stability............cooooeeeiei, 69

3.3.3 Flows Conducted by ChannelS...........cooiiiiiiiiiiiiee e 74

3.3.4 Areas Conducting Channelled FIOWS............uuvuiiiiieiiiieeis e 80

G TS 1 0101 T=! Y PSP 84

3.4 Drainage SOIUIE TraNSDOM.......c.ceeeieieteriesie sttt b e 85
3.4.1 Inferences from ZN Mass BaAl@NCe........c.uuveiiiiiiieiiiii e e 85

3.4.2 Conceptua Flow and Solute Transport MOdel............oovvvieiiiieeiiieice e 87

3.4.3 Changes in Dilution FaCIOrS.........uuuiiiii e e e e e 89

S 1 00T Y PSP 90

CHSRS 1= (1S (o= [N 07 LY 1SR 91
3.5.1 FIow Rate DIStHDULION ......ceiiiiiceieie e e e e 91

3.5.2 Zinc Concentration DisStribULION...........ooiiiieiiiiiii e e e e e 92

G o o [ o D T £ o0 o] 97

G N S 1 0101 T= Y PP 97

G SO0 e [0S o0 =P 100
3.7 Potentid Benefits and FUIUr@ WOTK ...........ooiiiiiiieieesesese e 101
3.7.1 Potential BENEfiTS......uuuiiii i 101

3.7.2 Potential FULURE WOTK ........cooiiiiii i 101

3.8 Suggestions for FUtUre EXPEMENTENS ........ccviiieeeeerese e 102
4.0 HYDROLOGIC AND SOLUTE TRANSPORT MODELING.......ccccccvviieeiieenieeesn, 103
4.1 Interna Structure of Wast@ ROCK PHES.........ocvviiiieeeee e 103
4.1.1 Channelling Flow Rock and Porous Media FlIow ROCK.............cccvvvvininieeniieiiinnnnn, 103

4.1.1.1 Clarifications and EXplanations............ccverrerecieninisssnenssessessssesssssesssssssssssssssssenses 103

4.1.1.2 Channelling FIOW ROCK.......ceurireeirireriesinisissisesesssstesesssssssessssssssesssssessssesssssssssssssssssennes 104

4.1.1.3 Porous Media FlOW ROCK.........cccrieeiereiiririnecireis et ses e 105

4.1.2 Particle Size Boundary between CFR and PMFR...........cccooooiiiiiiiiiiii e, 105

4.1.3 Basic Component Structures of Waste Rock Piles..........ccooovveiiiiiiiiiiiiiieeececeiiinn, 106

4.1.4 Factors and Processes Influencing Flows in Component Rock Structures.............. 108

4.1.4.1 Continuous Channelling FIOW ROCK..........cccvvevinnerrisesesssesssesese s sesesssssssesssssesnenns 108

4.1.4.2 Continuous Porous Media FlOW ROCK...........cornirininecnenesis e 109

4.1.4.3 Porous Media Flow Rock Pockets and Channelling Flow Rock Pockets................. 100

4.1.4.4 Low Permeability Pans (PIalES) ........ccovuvvereriirerrsisesis st sesssssssnnns 100

A.01AD SUMMBIY ceiniriiieeirieieeses sttt eebe e st bttt e et b e b et ne b e e et et e et nbebase e es 111

4.1.5 Field Waste ROCK PHIES.......ccoiiiiiiiiiiiii 111

4.2 MathematiCal REDIESENELION.........ccveiiereereee e ee e se e re e e see e ens 114
A R @ g 7= = o P 114

4.2.1.1 Cumulative Distribution Function and Density Function of Flow Density ............ 114

4.2.1.2 Variables AffECtiNg DFFD.........cccvieiiecseceesese ettt senes 117

4.2.1.3 Experimental CFDDF and DFFD.........cooiierreeceresesetsesss st sssssssssssssenees 118

S o 10 | (= I =1 o Lo SR 119

4.2.3 Application of Mathematics of Channelling to Large Column Data......................... 120

4.3 Application of Kinematic Wave Modd to Experimental Data.............coevevenereneeneee 121
4.3.1 Description of the MOGE! ...........uiiiii e e 121

4.3.2 Application to Large Column Data............uuuviiieeeiieiiiiiiiie e eee e eeeeeeaeaienn 123

4.3.3 RESUItS @Nd DISCUSSION. ... ..cceviiiiiie i e e eeeeeeeie e e e e e e et s e e e e e e e e aaat e e e e e e eeaaeeannas 126

N @0 g @ 110 R 132
5.0 ACKNOWLEDGMENT ..ottt nne e nnneas 133
6.0 REFERENGCES ... oottt ettt be e e s e e e e e e snneeeanneas 134



’ Welcome Screen _’ Report List



LIST OF TABLES

Table 2-1 Areas Of DraiNage SECHIONS .....c...ccueieeieeie et e st e et ae e et e e sae e e e sreenne e 17
Table 2-2 Reault of Rain Simulator Channel Flow Rate Calibration.............ccoccoveevenenecinneeneeee, 19
Table 2-3 Results of Water Digtribution Calibration TESS.........ccooevireieninireree s 20
Table 2-4 Summary of Experimental Conditions for Large Column TESS........coveeivreenerneneenieeeene 25
Table 3-1 Comparison of Measured and Calculated Volumes of Water Ddlivered............cccoeuee.... 28
Table 3-2 Draining Time between Runs and Elgpsed Time at Solution Breskthrough.............cc.ee..... 29
Table 3-3 Saturation Indices Calculated by PHREEQC for Selected Drainage Samples.................... 31
Table 3-4 Observed Effects of Severa Variables on Channdling Phenomena...........ccccoovveiineene. 84
Table 3-5 Caculated Zn Mass Baance for Three RUNSOf Cl.......ccoveienininenieieriesese s 85
Table 4-1 Factors and Processes Affecting Flows in Basic Waste Rock Structures.............c.cceeee.... 113

-Vi-



LIST OF FIGURES

Figure 2-1 Photograph of Installed ColUMNS ........oooiiiiiieee e 8
Figure 2-2 Design Drawings of the Large COlUMNS............oociiiericie e 9
Figure 2-3 Photograph3s of the RaiN SIMUIEEOT ..........coeieiiiieeeers e 12
Figure 2-4 Photographs of Column Bottom Drain SITUCLUNES..........cveeeeveeerecie e 14
Figure 2-5 View of Ingaled Bottom Structure Looking Down Ingde a Empty Column..................... 14
Figure 2-6 Partitioning of the Bottom into Square Drainage Areasfor Columnsland2.................... 15
Figure 2-7 Partitioning of the Bottom into Annular Drainage Areasfor Column 3...........c.cooeveeeneee 15
Figure 2-8 Collection System on Underside of Bottom Drain Structure for C1 and C2..................... 16
Figure 2-9 Distribution of Water among Drain Portsin Duplicate Calibration TestS..........cocvveveeeneee. 21
Figure 2-10 Mixing of Waste Rock before Loading of COlUMNS.........cccceeveeieciecicce e 22
Figure 2-11 Drum Loader Used for Loading ROCK INt0 COlUMNS..........ccevererieieeienese e 23
Figure 2-12 Photographs of Loaded Rock Sample Bed..........cc.ooveiieceeiieie e 23
Figure 3-1 Minerd Saturation Indicesin Selected Drainage Samples.........ooveeeeienencnencceceee 32
Figure 3-2 Zn and Fe Plotted againgt S and Conductivity for Individud RUNS............cccoeveveeiieieennen, 37
Figure 3-3 Corrdation among S, Zn, and Conductivity for Individuad Columns...........ccccccovcerivieennens 40
Figure 3-4 Overdl Corrdation between Zn and STor All RUNS..........ccoviieieeie e 46
Figure 3-5 Correation between Zn, Fe and FHow Rate, pH for Individua Test Runs...........ccccccueenee. 48
Figure3-6 S, Zn, Fevs. pH and S, Zn, Fe, pH vs. Flow Rate for Individual Columns....................... 51
Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals...........oooeeveicicniiccnne 59
Figure 3-8 How Rate Rank Order of 8 Largest Channelsvs. Time Intervas.........ccoveeeveeveececeennens 70
Figure 3-9 No. and % of Identica Channdls vs. Rank Order Numbers for Selected Run Pairs.......... 72
Figure 3-10 % of Total Interva Flows Conducted by Various Channelsfor Cl.........c..ccccvvevvieenens 76
Figure 3-11 % of Interval Flows Conducted by 8 Largest Channelsvs. Timefor Cl...........cccceeueeeee. 77
Figure 3-12 % and Cumulative % of Total Run FHowsin Individua Portsfor Cl............cccccveevieenen, 79
Figure 3-13 % of Flows vs. % of Bottom Drainage Areas Conducting These Flows.............ccceueee... 81
Figure 3-14 Comparison of Measured Zn Output with Those for Hypothetical Reectors................... 87
Figure 3-15 Possible Configurations of Channgl FOrmMation............c.ccoeeevereeiieieesesese e 88
Figure 3-16 Changesin Dilution Factors for Three Consecutive Runsof Column 1..........ccccccvvevenee. 90
Figure 3-17 Experimental Flow Histograms vs. Lognormal Digtribution for C1IR1 ..........ccccceveeenneee. 93
Figure 3-18 Lognorma Distributions Fitted to Experimental Datafor CIR1..........ccccoovveeveecieieennens 9
Figure 3-19 Experimental Dilution Factor Histograms vs. Standard Normal Didribution.................... 95
Figure 3-20 Variaions of Dilution Factor Digtribution within One Run and between Runs.................. 96
Figure 3-21 Experimenta Zinc Loading Histograms vs. Lognormal Distribution.............ccoceeeeeeeeneee. 98
Figure 3-22 Variaions of Zinc Loading Digtribution within One Run and between Runs .................... 99
Figure 4-1 Modes of Water Flow and Retention in Trickle-Bed ReaCtors...........cccoeveveveneneeenne. 105
Figure 4-2 Five Basic Component Structures of Waste Rock PIES.........ccoccevvece e 107
Figure 4-3 Some Flow Processes in Wast@ ROCK ........c.eieiieieiiinere s 110
Figure 4-4 Decomposition of a Waste Rock File into Basic Component Structure Regions.............. 112

- Vil -



Figure 4-5 Smplified Representation of Waste ROCK DUMP ........ooveiviriininineeeeeeeses e 114
Figure 4-6 Experimenta CFDDF Determined USiNg C1R2 DaaL...........cccoevereerierieeseesieseesieseennes 119
Figure 4-7 Experimental DFFD Determined USINg CIR2 Data............ccovveeeeeenienieneseseesieseeeenes 119
Figure 4-8 Schematic Illustration of Macropore Flow for Kinematic Wave Modd...............c........... 123
Figure 4-9 Reaults for Decomposition of Column Hydrograph Using Kinematic Wave Modd.......... 127
Figure 4-10 Digribution of Channd Conductance from Kinematic Wave Moddling.............c......... 128
Figure 4-11 Comparison of Experimental and Modd-Predicted CFDDFS...........cccooiiiiinenenenne. 129
Figure 4-12 Comparison of Recalculated Experimenta with Modd-Predicted CFDDFs................ 131

- Vi -



LIST OF APPENDICES

APPENDIX | Experimental Conditions and Procedures

APPENDIX Il Drainage Hydrographs

APPENDIX Il Drainage Chemographs (Zn)

APPENDIX IV Drainage Chemographs (pH)

APPENDIX V  Tracer Chemographs

APPENDIX VI  Radid Disperson Flow Graphs

APPENDIX VII  Rule Governing Solubility Control in Aqueous Solutions
APPENDIX VIII  Proof of Congtant Zr/S Ratio in Successive Dilutions and Inter-Mixing
APPENDIX IX  Drainage Port Flow Rate Histograms for C1 and C2
APPENDIX X  Physicsof Water Flow on the Surface of a Rock Particle
APPENDIX X1  Deduction of the Kinematic Wave Modd



1.0 INTRODUCTION

1.1 RESEARCH OBJECTIVES

In this study, large column tests were conducted to understand the hydrology and solute transport
in partidly oxidised Stratmat waste rock that is subjected to infiltrating water and to improve our
capabilities and techniques in the prediction of acid rock drainage (ARD) from waste rock piles.
The specific objectives were asfollows:.

to observe and to attempt to quantify hydrologica and solute trangport phenomenain the par-
tidly oxidised Stratmat waste rock,

to sudy the main factors and processes controlling the concentrations and loadings of dissolved
gpeciesin the drainage in response to Smulated rain, and

to atempt to modd the drainage chemistry and loadings and, in particular, to test the gpplicabil-
ity of agpecific modd (the kinematic wave mode) to the experimenta data

Variablesfor the large column tests included the waste rock bed thickness, the precipitation inten-
gty and duration, and the mode of smulated rain gpplication.

1.2 ROLE OF CHANNELLING AND SOLUTE TRANSPORT IN ARD
PREDICTION

The requirements for acid rock drainage (ARD) prediction for waste rock piles vary with the in-
tended end use of the information to be generated. According to the time frame for which the pre-
diction is to be made, it can be short-term, mid-term, and long-term. According to the leve of
details required, ARD prediction can entail arange of tasks, listed below in increasing degree of
complexity:

Predicting whether awaste rock will ever become acid-generating (yesno),

Predicting how soon a potentially-acid generating rock will become acidic (lag time),
Predicting the long-term trend in acidity loadings from awaste rock pile,

Predicting the tempord varigtions in contaminant loadings and water qudity (i.e. contaminant
concentrations) over time.
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The first two tasks can usudly be accomplished by means of |aboratory tests (such as acid base
accounting and humidity cdlls) of representative waste rock samples, supplemented by field weeth-

ering tests when necessary.

Task 3 normaly involves two steps. The firgt step isthe collection of data for deriving the vaues
of input parameters necessary for running amode of choice. The data collection may involve afull
characterisation of the waste rock pile with repect to its chemica and physical properties, mete-
orologicd information, and so forth. When the waste rock pile is sufficiently heterogeneous, the
gpatid digtribution of relevant chemicad and physicd properties must be considered. If the purpose
of ARD prediction is to compare different control or abatement aternatives, the input parameter
vaues mug be accordingly modified to reflect the spedificity of each dternative when the dterndive
ismodelled. The second part is gpplication of the model. The modd must have a minimum of two
parts. one kinetic oxidation module to predict the rate of sulphide oxidation and acidity generation,
and another to predict the trangport of the contaminants generated from sulphide oxidation and
subsequent reactions. In some cases, one may reasonably assume that dl soluble products of oxi-
dation and neutraisation are completely flushed out annualy by rain and there is no net accumula-
tion in the wadte rock pile. In thisingtance information regarding flow heterogenaity (i.e. channdling)
is not required. In other cases, the net accumulation (which forms the “geochemicd reservoir”)
within the waste rock pile cannot be neglected, and information on flow heterogeneity is required
to predict loadings from the waste rock pile. At the present status of science and with currently
avallable modds, prediction of long-term loadingsis possible but the uncertainty associated with
the prediction resultsis generdly high.

Task 4 is generdly impossible to accomplish at the present time. A firg step towards achieving this
task is the undergtanding and quantification of flow heterogeneity and its interaction with pore water
and soluble minerds. If the channdling phenomenon and its effects on solute transport could be
modeled and the geochemicd reservair in the waste rock pile can be sufficiently characterised, then
task 4 may be accomplished for the very short term.

Increasing our understanding and cgpability of modelling the channdlling and solute trangport phe-
nomenawill likely advance our cagpability of accomplishing ARD prediction tasks 3 and 4 above.
Thisisbut one of the important reasons for sudying channdlling and solute transport in waste rock
piles.

1.3 LITERATURE REVIEW ON FLOW AND SOLUTE TRANSPORT IN
WASTE ROCK

Prediction of acid rock drainage (ARD) from waste rock piles has been aresearch priority for the
Canadian Mine Environment Neutral Drainage (MEND) program. As aresult of MEND's effort,
many reports have been produced on this subject. Of these reports, those that deal with aspects
of flow and solute trangport in waste rock piles include Morin et a., 1991, Smith et d., 1995,
SRK, 1995 (draft), and Synergetic Technology, 1996 (draft). The report by Morin et d. (1991)



isaliterature review of which one of the focusesis water movement through waste rock piles. Smith
et d. (1995) focuses on the hydrogeology of waste rock piles and includes many case sudies. The
SRK (1995) report contains asurvey of exising modes for ARD prediction from waste rock piles.
The report by Synergetic Technology examines the theoretica representation of some waste rock
properties by geodtaigtics and fractd theory. Besdes the report by Morin (1991) of which themain
task is criticd literature review, the other reports listed above aso contain various degrees of litera
ture review on ther respective topics. The reader is referred to these authors. In the following
paragraphs, severd origina researches found in the literature that deal with channdlling and solute
transport phenomena and their moddling are critically discussed.

Literature in three rdated fidlds of research may prove of great help to the study of flow and solute
transport in waste rock piles. These three fieds are hegp (dump) leaching, spent hegp decommis-
soning by ringng, and trickle bed reactors. Studies of flow and solute transport in hesp leaching
are exemplified by Murr et d. (1981, large scale experiments, and references contained therein),
Cathles (1981, modelling of leaching, and references contained therein), Sanchez-Chacon and
Lapidus (1997, modelling of gold hegp leach by cyanide), and Schlitt and Nicolai (1987, random
wak modd). The spent hegp rinaing literature include, for example, Catdlan and Li (1999), Catdan
et a. (1998, pilot study of rinsing acid-leached spent ore), Li et d. (1995, laboratory study of
ringng of acid-leached spent ore), and Dixon (1993, modd for ringng cyanide-leached spent ore).
Trickle bed reactor literatureisillustrated by Funk et . (1990), Ng and Chu (1987), and Satter-
fied (1975).

Elboushi (1975) is probably the firgt to report direct measurements of channdling effectsin coarse
rocks. His results showed that in rock beds consisting of narrow-sized particles, it is unnecessary
to stisfy the field water retention capacity of the materid to initiate flow. Using diluted paint and
visible tracers, he showed that as water infiltrates deeper into the rock bed consisting of 5-mm
particles, the percentage of rock particles wetted by water decreases rapidly and nearly linearly
from 100% at the surface to 15-20% at a depth of 30 cm (hence water channds are formed); for
individud particles contacted by water, the average percentage of wetted surface relative to the
total particle surface also decreases with depth, from 100% at the surface to about 30% at 30 cm.
The mgor limitation of Elboushi's experimentsis thet narrow Sze fractions are used, which do not
represent the majority of waste rock materias, which usudly have very wide sze ranges.

In aquite daborate study of copper leaching from waste rock, Murr et d. (1981) examined solu-
tion flowsin large columns measuring 3.1 min diameter and 10.8 m in height and loaded with -100
mm rock. At the end of two years of acid leaching a soluble fluorescent dye tracer was infiltrated
into the leached waste rock. Ultraviolet photographs were taken when the spent materid was
excavated by horizonta dices. The photographic compaosites show that the channd cross-sections
areirregularly shaped. In one column (Kennecott) the percentage of solution channel area varied
amaog randomly from amaximum of 65% to aminimum of 25% between the depths of 0.6 m and
7.6 m. In another column (Duva-Sierita) the channd shgpes were do irregular and the percentage
of channelled area varied randomly, but both the maximum and the minimum were lower a 20%
and 7%, respectively. It needs to be noted however that the conditions of infiltretion are very differ-
ent from those of atypicd rain storm: the dye tracer was applied at the end of a very long (two



years) period of continuous solution gpplication, and because of the acid attack the Sze digtribution,
texture, and compactness of the rock have been dtered from the origind materid.

A commondity of Elboushi’sand Murr’s sudy of channelling is that, although the percentages of
cross-sectiond areas contacted by the dye (or paint) were measured, no information was given
concerning the flux (i.e,, flow rate per unit area) at different parts of the channelled areas.

Smith et d. (1995) applied the kinematic wave theory, first pioneered by Lighthill and Whitham
(1955), to modd awaste rock dump drainage discharge hydrograph after arain event at the now-
closed Idand Copper Mine on Vancouver Idand. They followed the gpproach developed by Ger-
mann and Beven who adapted the origina kinematic wave theory to describe macropore flowsin
structured soils (Germann and Beven, 1981a; Beven and Germann, 1981; Germann and Beven,
1981b;Germann and Beven, 1985; Germann and Beven, 1986). They adjusted the satistica pa-
rameters describing the waste rock dump to obtain the best fit between the model-predicted hy-
drograph and the observed hydrograph. The optimised parameters reveded information about the
channdlling structure within the waste rock dump. A logica step following thiswork would be the
independent verification of the derived channdling structure.

The Univergity of Saskatchewan group of researchers examined evidences to study internd flow
and solute trangport phenomenawithin awaste rock pile when 15 million tons of waste rock was
excavated from a 100 million ton dump at the Golden Sunlight Mine in Montana (Herasymuik et
d., 1995). They documented the heterogeneity within the rock pile and mapped moisture and
matric potentid profiles at selected locations. Ther research focuses on the inter-relaionships
between hydraulic conductivity, moisture, and suction within the waste rock pile. This gpproach
provides snapshots of the waste rock pile at various times, which are used to infer information
about flowsin the rock pile.

Laboratory or field sudies that couple channelling phenomena and solute trangport are noticeably
lacking in the literature. However, there is theoretical work in this respect. An exampleis Erriksson
and Destouni (1994) who used a stochastic-advective approach to examine the effects of channel-
ling on the solute flux from amine waste rock dump undergoing active oxidation. They found that,
for asampligtic unimoda residence time digtribution, flow heterogeneity (i.e., channdling) does not
have a 9gnificant influence on the solute flux when redlistic model parameter values are used.

Generdly speaking, literature on the subject of flow and solute transport within waste rock is
scarce, but is congtantly emerging. The key feature of flows in waste rock pilesis channdling. In
contragt, large amounts of literature exist on flow and solute trangport modeling of soils. In referring
to the soil literature, one should take note that the hydraulic properties of soils are fundamentally
different from those of coarse waste rocks, the main difference being the particle size range and
presence of pebble- and boulder-sized rock.



1.4 PROJECT HISTORY

In December 1994, Supply and Services Canada and Noranda Technology Centre (NTC) signed
a contract (DSS Contract No. 23440-4-1316/01-SQ) to share the cost of a research project
entitled Hydrogeochemistry of Oxidised Waste Rock and ARD Prediction Techniques for
Sratmat/N5 Waste Rock at Heath Steele Mines, New Brunswick. The study wasto be carried
out under the auspices of the Mine Environment Neutrd Drainege (MEND) program. The govern-
ment funding was made available under the Canada-New Brunswick Minera Devel opment Agree-
ment (MDA).

The fidd work was completed in 1994-95 and the column rinsing dissolution tests were finished
in 1995-96. The large column tests reported here were conducted in 1997-1998.

This report is one of two concurrent reports resulting from the research project. The focus of this
report is the large column tests. The other report, entitled Hydrogeochemistry of Oxidise Waste
Rock from Stratmat Ste, N.B. (Li, 1999), describes the field work and the column dissolution
experiments. That report should be consulted for information on the sampling and characterisation
of the Stratmat waste rock materid used in the large column tests discussed in this report.

1.5 THE DATA DISKETTE

Thousands of data points have been generated in the large column tests. These data have been used
in the anaysis and interpretation reported here. It is hoped that other researchers would take ad-
vantage of the data to explore beyond whét is presented in this report, to add to our understanding
of the hydrology and solute trangport phenomenon in waste rock piles. For this purpose, the raw
experimentd data have been provided in an eectronic format on a diskette attached to this report.



2.0 EXPERIMENTAL METHODOLOGY

2.1 SCALE OF HETEROGENEITY AND REV

It is generally accepted that waste rock piles and dumps are heterogeneous structures. The initial
heterogeneity structure of awaste rock pile can change with time after the pileis condtructed asa
result of many physica and chemica processes. Waste rock heterogeneity can be physica or
chemical. Physcd heterogenety is the spatia variation of particle size, porosty, specific surface
areq, dengty, hydraulic conductivity, gas diffusvity, heat capacity, etc. Chemica heterogenety is
the patid variation of rock compaosition which includes contents of acid-producing minerds, acid-
consuming minerds, and secondary mineras. Physicd heterogeneity has alarge influence on the
hydrologica processes within awaste rock pile, whereas both physicad and chemica heterogeneity
can affect solute transport processes.

The concept of heterogeneity depends on the scde. A uniform porous media, such as well-mixed
slt- and sand-sized tailings, is heterogeneous on a scae of micrometers to centimetres, conssting
of individud particles and individua pores filled with liquid or gas. The same media can be, how-
ever, homogeneous on ascae greater than decimetres. This porous media therefore has microhet-
erogeneity and mesohomogeneity. A well-blended, unsegregated waste rock pile ranging in Sze
from clay and st to boulders is heterogeneous on a scale of less than a few meters, but can be
treated as homogeneous on a greater scae. Thiswaste rock has mesoheterogeneity and macroho-
mogenety. Findly, atypica waste rock dump may show heterogeneity on ascae of tens of meters
or greater, and therefore may have macroheterogeneity.

To obtain vaid results, experimentd studies of hydrologica and solute transport behaviours of
wadte rock piles, typicaly macroheterogeneous, should be carried out in a representative eemen-
tary volume (REV) a least tens of meters long in the dimendion of interest (such as flow). This
means that such studies should be done on afied scae. Because of the difficulties in contralling
variables and insrumentation, such field studies are scarce and the limited number of reported
sudies generdly do not have sufficient deta for substantiating quantitative models.

To afirg gpproximation, a macroheterogeneous waste rock pile can be viewed as being composed
of many macrohomogeneous but mesoheterogeneous regions. An understanding of processesin
wadte rock piles can be gained by firgt studying such building blocks.

The intention of the large column tests reported here was to approach an REV of a waste rock
media having macrohomogeneity and mesoheterogeneity. The dimensons of the cylinder-shaped
large columns employed are 1.2 min diameter and 2 m in height. Each column was loaded from



1.2to 3.7 t of waste rock. Since rocks greater than 12 inches (30 cm) were removed from the
wadte rock sample, the dimensions of the large columns were thought to be appropriate to accom-
modate an REV possessing the properties of macrohomogeneity and mesoheterogeneity. Clearly,
the more conventiona columns, normaly 6 to 10 inches (15 to 25 cm) in diameter, are too small
to contain an REV for waste rock.

2.2 EXPERIMENTAL DESIGN

The basic premise for experimenta design is to congtruct an REV of a mesoheterogeneous and
macrohomogeneous waste rock bed (refer to Section 2.1 ) and observe its response to smulated
rain gpplied on the top surface. To avoid the masking effects when only one drainage is collected,
the bottom of the column was partitioned into many separate drainage basins each of which col-
lected only the drainage from the part of the sample bed directly above it. The variations of drainage
volume, pH, conductivity, and selected elemental concentrations were monitored for each drainage
port over time after the smulated precipitation was applied.

Tracer tests were performed by imposing a continuous step pulse of the tracer in the smulated rain
water at the beginning of each smulation and monitoring the variation of the tracer concentration
with timein each drainage port. Three tracers, NaCl, KNOs, and LiCl, were used in consecutive
amulations.

Vaiablesfor the tests include sample bed height (0.5, 1.0, 1.5 m), duration, pattern, and intensity
of smulated precipitation, bottom drainage area partition patterns (square grid and concentric), and
type and concentration of tracers.

By examining the spatid (two-dimensond) and tempord variaions of the drainage volume and
physicochemica parameters, information about the interna hydrologic and solute transport proc-
eses such as channdling, mode of flow, secondary minerd dissolution, etc. can beinferred. The
tracer tests were designed to generate data leading to the quantification of channdlling, adsorption,
and resdence time digtribution (RDT).

2.3 EXPERIMENTAL SET-UP

A photograph of the three loaded columns with the rain smulator instaled on Column 1 is shown
in Figure 2-1. The design drawings (excduding the rain smulator) are given in Figure 2-1.



Figure 2-1 Photograph of Ingtaled Columns

2.3.1 Columns

Asseenin Figure 2-1 and Figure 2-1, the columns and accessories were congtructed of thick,
black, heavy-duty plagtics to provide the strength to support heavy weight of rocks. The combined
weight of loaded rock and the column equipment was greater than 5 t. The main column body
measures 1.2 m in indde diameter and 2 m in height and holds 3.7 t of waste rock when the rock
bed is 1.5 m thick.

Both the top and the bottom of the main column body are flanged for connection with arain smu-
lator and a bottom drain structure. The weight of the entire structure is supported by the bottom
drain gtructure, which isin turn supported by a stedl frame to aheight of 1 m above the concrete
floor. The space undernegth the bottom drain structure was needed to collect drainage.
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2.3.2 Rain Simulator

The main congderation for the rain Smulator is its ability to dispense a gable, uniform “rain” at
required rates over the surface of the waste rock bed.

Photographs of the rain smulator are shown in Figure 2-1. It consists of two plastic plates con
nected by nuts and bolts with a gap of about six inches in between (lower photo). On the lower
plate are mounted hollow stainless stedl needles arranged in a square grid which deliver water to
the sample bed surface. On top of the upper plate are mounted a water reservoir, five perigaltic
pumps eech having 8-channdls, one water circulaion perigtatic pump, pump speed controllers, and
the connecting tubing. Weter is drawn from the centrd reservoir in alarge tubing and split into eight
smal tubings before entering the pumps. The other end of each tubing (after the pump) is connected
to agted needle. The water leve in the central reservoir isfed from alarge (200 L) reservoir via
a perigatic pump and maintained at a constant head by means of overflow. The overflow isre-
turned to the large reservoir via a separate perigtaltic pump.

The speed of each of the ddivery pumps can be adjusted independently. The flow rate in the eight
channes on the same pump cannot be changed independently, but the variation was found to be
amadl. The flow rate in each channd was normdly cdibrated a 3.2 mL/min and with atotd of 37
channdsthe rain amulator delivers 7.1 L of water per hour. Independent measurement of each of
the 37 channels showed thet the flow rate variation was smdl and that the flow rate was sable over
time.

Thetota water input in each Smulation sesson was measured by the water level changein the 200-

L reservair. Experimenta datafor al runsindicate that the water inputs recorded in the large reser-
voir condstently agreed very well with the flow rate of 3.2 mL/min/channd.

-11-



Fgure 2-3 Photograph3s of the Rain Smulator
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2.3.3 Bottom Drains

The main consderations for the bottom drain ructure were two fold: (1) its ability to avoid laterd
“crossflow” a the bottom boundary of the waste rock bed so thet eech partitioned square drainage
area receives drainage only from the part of the rock bed that is directly aboveit, and (2) to struc-
turaly support the weight (up to 3.7 t) of the rock bed.

Schematic drawings of the bottom drain structure are provided in Figure 2-1, and photographs are
shownin Fgure 2- 1. Fgure 2-2 showsaview of the ingaled bottom drain sructure looking down
the indde of aempty column. Figure 2-3 and Figure 2-4 illustrate how the bottom of each column
is partitioned into drainage areas. Figure 2-5 shows the valves and drainage collection system on
the underside of the bottom drain Structure.

The bottoms of Columns 1 and 2 are partitioned into square drainage aress, as shown in Hgure 2-1
and Figure 2-1. The upper photo in Figure 2-1 shows that water collected by each partitioned
drainage areaflowsinto acylindrical chamber, each of which hasavaveto turn on or off the drain-
ageflow into its callection bottle, as shown in Fgure 2-5. Each cylindrica drainage chamber isfilled
with -1/4 inch polyethylene beads to establish hydraulic contact with the rock bed. A stedl screen
with - 1inch mesh Szesis placed on top of dl the cylindrica drainage chambersto support the rock
sample bed, as seenin Figure 2-2.

The bottoms of Columns 1 and 2 are partitioned into 37 drainage aress, sequentidly labdled from
1to 37, asilludrated in Figure 2-3. There are no drainage chambers for the areas |abelled from A
to H and the tiny unlabeled triangular areas. As aresult, drainage reaching these areas must flow
into neighbouring drainage chambers, asindicated by arrowsin Figure 2-3. The geometric areas
of drainage sections 1 through 37 and A through H are given in Table 2-1.

The physical set-up for Column 3 is similar to that of Columns 1 and 2, except that the bottom of
Column 3 is partitioned differently, into annular drainage sections, as shown in Figure 2-1 and
Figure 2-1. Sixteen annular drainage sections are formed, as shown in Fgure 2-4, by joining 2, 3,
or 4 neighbouring drainage chambers (except the centra section). The annular sections are labelled
sequentidly in aspira from the perimeter to the centre. Each of the 16 drainage sections flows to
an individua boattle through an on/off vave. The areas of the sections are given in Table 2-1.

- 13-
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Table 2-1 Aress of Drainage Sections

Columns1& 2 Column 3
Area Area Area
Section  Cnf  Section cnt Section cnt
1 221.6 A 110.8 1 821.7
2 253.7 B 111.0 2 912.4
3 217.0 C 1155 3 878.8
4 225.0 D 114.2 4 720.8
5 225.0 E 1171 5 754.8
6 225.0 F 115.8 6 734.6
7 225.0 G 121.3 7 488.1
8 225.0 H 120.2 8 680.2
9 222.9 9 683.5
10 225.0 10 708.7
11 225.0 11 681.5
12 225.0 12 336.9
13 225.0 13 336.3
14 225.0 14 345.1
15 221.6 15 355.8
16 255.4 16 167.6
17 225.0 Total 9606.6
18 225.0
19 225.0
20 225.0
21 225.0
22 254.2
23 2235
24 225.0
25 225.0
26 225.0
27 225.0
28 225.0
29 222.2
30 225.0
31 225.0
32 225.0
33 225.0
34 225.0
35 223.9
36 255.9
37 2235

Total 8420.3 925.8  9346.2
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2.4 EXPERIMENT PREPARATION

2.4.1 Calibration of Rain Simulator

After the flow ratesin the 37 channels of the rain smulator were fine-tuned, the accuracy and the
repestability of the flow rates were tested. The rain smulator was run three times, for 1, 1.5 and
2.0 hours, respectively, and the water pumped in each channd was collected in an individud bottle
and measured. The results are shown in Table 2-1. It can be seen that, among the three runs, the
repeatability is acceptable, with standard errors (defined as one standard deviation divided by the
mean) generdly lessthan 6% for dl channels except 6, 10 and 35. The 37 means of the three runs
have an overdl mean of 3.34 mL/min (the target flow rate is 3.2 mL/min) and an overal sandard
error of 9.8%.

To test the homogeneity of water distribution, Column 2 was packed with about 0.5 m of “bird
bdls’ - uniform-szed hollow plagtic balls about 2 inchesin diameter. The rain Smulator was run
twice for two hours and the volume collected in each drain port was measured. The results are
givenin Table 2-2 and shown graphicaly in Figure 2-1. It can be seen that the repeatability is
acceptable, with standard errors based on the duplicate tests generally within 10% except four
ports: 9, 28, 33 and 34. The 37 two-test means had an overal mean of 3.15 mL/min, which is
dightly lessthan the target of 3.2 mL/min. The difference can be accounted for by the smdl amounts
of water retained by the media (the plagtic “bird balls’). The water distribution among the 37 ports
is reasonably homogeneous, dthough afew drain ports reported low flow rateslessthan 2 mL/min
(Ports 9, 13, 28, 34) and high flow rates greeter than 4 mL/min (Ports 4, 8, 36). The standard error
of the 37 meansis 23.8%.

The rain smulator, with the performance described above, was used for dl testsin Columns 1 and

2. For Column 3, because water was gpplied at just one point (centre of the sample bed surface),
there was no need for cdlibration of the smulator.

- 18-



Table 2-1 Reault of Rain Smulator Channd Flow Rate Cdibration

Volume of Water Pumped, mL Statidtics
Channd Run 1 Run 2 Run3 |Meanof 3Runs Std.Dev. Std. Error
No. 1hr 15hr 2hr mL/min 3 Runs 3 Runs
1 196.7 288.8 379.3 3.22 0.06 1.84%
2 200.5 284.7 386.1 3.24 0.09 2.82%
3 200.1 281.7 385.7 3.23 0.10 3.19%
4 192.6 287.1 374.0 3.17 0.05 1.55%
5 192.7 282.9 373.7 3.16 0.05 1.59%
6 259.6 348.6 454.0 3.99 0.29 7.29%
7 204.7 291.1 397.3 3.32 0.09 2.68%
8 207.0 283.9 401.7 3.32 0.15 4.52%
9 227.6 317.5 410.2 3.58 0.19 5.38%
10 199.8 193.5 389.9 2.91 0.66 22.7%
11 200.3 296.9 388.7 3.29 0.05 1.51%
12 206.5 296.1 400.8 3.36 0.08 2.30%
13 209.6 304.7 410.8 343 0.05 1.59%
14 227.6 332.8 439.0 3.72 0.07 1.86%
15 197.5 289.6 381.3 3.23 0.06 1.79%
16 225.8 326.6 441.2 3.69 0.07 1.85%
17 194.7 284.1 373.1 3.17 0.07 2.17%
18 194.6 282.7 3735 3.17 0.07 2.18%
19 200.8 282.1 386.7 3.23 0.11 3.29%
20 229.3 329.3 439.6 3.71 0.09 2.50%
21 191.4 280.4 373.6 3.14 0.04 1.38%
22 201.5 293.9 389.2 3.29 0.06 1.85%
23 189.5 275.6 365.2 3.09 0.06 2.00%
24 203.0 302.3 389.7 3.33 0.07 2.18%
25 255.7 347.2 464.5 4.00 0.23 5.74%
26 180.3 267.8 350.7 2.97 0.04 1.41%
27 197.9 293.7 383.4 3.25 0.05 1.62%
28 2155 3134 414.7 3.51 0.07 2.05%
29 212.4 311.0 407.1 3.46 0.07 2.14%
30 178.6 263.2 343.4 2.92 0.06 1.97%
31 182.6 266.2 349.6 2.97 0.07 2.22%
32 193.1 288.0 372.3 3.17 0.06 1.97%
33 197.3 288.8 381.4 3.23 0.06 1.77%
34 192.0 280.7 368.4 3.13 0.07 2.10%
35 335.8 450.8 362.6 4.54 1.35 29.7%
36 202.9 298.2 391.9 3.32 0.06 1.75%
37 195.3 289.3 380.3 3.21 0.04 1.34%
Mean 3.34
Std. Dev. 0.3273
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Std. Error 9.79%

Table 2-2 Reaults of Water Digtribution Cdibration Tests
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Channel | Water Volume Collected (mL) | Mean, Runs1 & 2 Std. Dev.  Std. Error
No. Run1 Run 2 mL/min Runs1 &2 Runsl1lé&?2
1 411.8 415.3 34 0.02 0.60%
2 349.9 339.6 2.9 0.06 2.11%
3 336.2 355.6 2.9 0.11 3.97%
4 549.8 547.4 4.6 0.01 0.31%
5 419.6 408.0 34 0.07 1.98%
6 421.2 479.6 3.8 0.34 9.17%
7 308.2 294.2 25 0.08 3.29%
8 520.9 495.2 4.2 0.15 3.58%
9 76.3 296.6 1.6 1.30 83.5%
10 322.3 366.1 2.9 0.26 9.00%
11 a447.7 394.2 35 0.32 8.99%
12 3934 383.9 3.2 0.06 1.73%
13 199.3 191.8 1.6 0.04 2.71%
14 421.2 391.2 34 0.18 5.22%
15 377.7 390.6 3.2 0.08 2.37%
16 389.5 379.5 3.2 0.06 1.84%
17 380.7 403.1 33 0.13 4.04%
18 367.6 354.6 3.0 0.08 2.55%
19 389.0 381.2 3.2 0.05 1.43%
20 449.2 456.8 3.8 0.04 1.19%
21 432.3 458.2 3.7 0.15 4.11%
22 416.2 412.2 35 0.02 0.68%
23 367.9 366.4 31 0.01 0.29%
24 385.8 390.2 3.2 0.03 0.80%
25 434.7 467.0 3.8 0.19 5.07%
26 361.2 352.8 3.0 0.05 1.66%
27 429.6 402.0 35 0.16 4.69%
28 161.4 239.4 17 0.46 27.5%
29 400.6 389.9 33 0.06 1.91%
30 450.1 455.6 3.8 0.03 0.86%
31 316.9 325.7 2.7 0.05 1.94%
32 374.4 377.2 3.1 0.02 0.53%
33 486.3 404.3 3.7 0.48 13.0%
34 155.5 108.3 11 0.28 25.3%
35 329.4 304.2 2.6 0.15 5.63%
36 558.5 530.2 4.5 0.17 3.68%
37 348.2 354.3 2.9 0.04 1.23%




Average 3.15
Std. Dev. 0.75
Std. Error 23.8%

N [N =
0:90:0:0-

@@ 0-
°: 0292 @:@-

@0

N (6]

27 29
@ O
30 33
® @
35 37

Fgure 2-9 Didribution of Water among Drain Portsin Duplicate Cdibration Tests
(Areaof abubble isameasure of the flow rate in the drain port identified by the number)

2.4.2 Mixing and Loading of Waste Rock

The rock samples taken from the Stratmat pile (for detailed description refer to Li, 1999, Section
2.4) were sored in large nylon bagsin open air before the large column tests. In preparation of the
tests, the rocks were dumped on to a paved area. The rock pile was thoroughly mixed by coning
and quartering three times with a combined hydraulic back hoe/front loader, as shown in Figure
2-1.
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Figure 2-10 Mixing of Waste Rock before Loading of Columns

The mixed rock was loaded into the columns to specified bed heights using a drum loader as shown
in Figure 2-2. The mechanism on the Sde of the loader is used to overturn the drum to empty the
sampleingde. The primary concern in loading the rocks was to prevent size segregetion. Loading
was achieved by filling the loader with rock, lifting the loader with an overhead crane, lowering the
loader ingde the column, then dumping out the content by pulling the chain attached to the whed
(Figure 2-2). Therock fdling distance was less than 30 cm at dl times. After dumping each load,
the rock bed surface was levelled with a shovel. Figure 2-3 shows atop view (left photo) and a
Sde view (through the observation window, right photo) of the loaded rock in Column 2. Size
segregation was prevented by the use of this loading method.
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2.5 EXPERIMENTAL CONDITIONS AND PROCEDURES

Ten experimenta runs were conducted on the three columns. Table 2-1 summarises the experi-
menta conditions, and the following text is a brief description. The experimenta conditions and
procedures are described in detail in APPENDIX 1.

Column 1

The column wasfilled with a 1.5-m thick sample bed and three runs were performed consecutively
(the sample bed was not changed between runs). The objectives of these three runs were three-
fold: (1) to compare with Column 2 runs, (2) to investigate the effects of smulated rain intensity,
and (3) to gather tracer data for determination of resdence time distribution (RTD).

Column 2 tests were carried out before Column 1 tests. To generate datafor RTD determination,
three tracers were used consecutively: NaCl, KNOs, and LiCl.

Column 2

Four runs were conducted on Column 2. The sample bed wasfirg filled to 0.5 m and Run 1 was
conducted. Then more rock was added on top of the existing sample to bring the sample bed to
1.0 m and Run 2 was carried out. Findly another 0.5 m of rock sample was added to bring the
sample bed height to 1.5 m, and two runs, Run 3 and Run 4, were carried out consecutively. The
objectives of these runswere (1) to explore experimenta conditions and gain experience with the
experiment procedure (this was the first column experimented), and (2) to investigete the effects
of sample bed thickness.

Column 3

Three runswere carried out, respectively, at three different sample bed heights - 0.5, 1.0, and 1.5
m. Column 3 tests differed from those of Columns 1 and 2 in two aspects: (1) in Column 3 the
bottom drain structure was concentric instead of square grid, and (2) the water was gpplied on the
top at one point ingtead of a uniform grid of many points. These experiments were carried out to
(2) study channdlling, (2) investigate the effects of sample bed thickness, and (3) study horizonta
disoerson of flow.
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Table 2-3 Summary of Experimentd Conditions for Large Column Tests

Sample Rain Smulator Sampling Tracer ICP
Col. | Run| Bed Feed | FeedRate | Feed No. of | Max.No.of | Duration | No. of Conc. | Lig of Dissolved
No. | No. | Heght | Pattern | (mL/min/ | Duration | Rounds | Samplesper | (hour) | Rounds | Type | (mglL Elements
m) chamnd) | (hou) Round for ICP catio) | Analysed
1 3.9 13 8 37 6 6 NaCl | 1000 | SFeZn NaK,Li
1 2 15 Grid ' 7 8 37 6 5 KNG; | 500 S, Fe Zn,Na K, Li
3 1.6 10 8 37 6 6 LiCl 500 S, Fe, Zn,Na, K, Li
1 0.5 5 7 37 4 7 None - S, Fe, Zn
2 1.0 , 6 7 37 4 7 None - S, Fe, Zn
2 3 15 | ©d 32 1077 | 7 37 6 6 | Nore | - S, Fe, Zn
4 15 5.1 8 37 6 5 None - S, Fe, Zn
1 0.5 10 8 16 6 6 NaCl | 1000 | SFeZnNaK,Li
3 [2] 10 |3 35 13 8 16 6 7 | KNO; | 1000 | SFeznNaK.Li
3 15 12 8 16 6 6 LiCl 500 S, Fe Zn,Na K, Li
Notes:
1. Ransmulator postionis-22.5° for dl runs.
2. Selected sampleswere |CP-analysed for 14 e ements.
3. Conductivity, pH, and solution mass were measured on al samples.
4. Redox potentia was measured initidly but its measurement was stopped later.
5. ICP andysis was done on unfiltered samples, as filtration was shown not to produce any difference in ICP results.
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2.6 EXPERIMENT EXECUTION

The experiments required two full-time persons on a 12-hour shift. Automatic timers were used to
control the rain smulator. Four sets of 37 1-L bottles were made to rotate for drainage collection.
Switching of bottles was done by closing and opening the on/off valves on each drainage port.

Enough Igp time (at least two days) was dlowed between successive runs for the sample bed to
drain off the water gpplied in the previous run until afied retention capacity is reached, after which
time no more water would drain. Despite this, the moisture content of the sample bed varied & the
beginning of each smulation. The beginning moisture of each run was not messured, but can be
edimated usng available information.

The determination of drainage breskthrough time was somewhat subjective. Initidly, “drainage
breskthrough” was defined as the moment when the drainage flow broke in any of the drainage
ports. This criteriawas later found impractica to discern, thus the definition was modified to “the
time when about haf of the drainage ports had flows’. Since this definition is somewhat arbitrary,
the breakthrough times identified had an inherent error of gpproximately £0.5 hour.

The experiments were carried out in a*“ batch mode’, i.e., each set of drainage bottles was removed
at pre-determined time intervas for physicochemical characterisation. The parameters obtained
such as solution mass, pH, conductivity, and dissolved dements, therefore, are those of a*batch”
of solutions, not instantaneous va ues measured on the drainage flows. Instantaneous (more accu-
rately, short-intervd) flow rates, pH, conductivity, and demental concentrations would be preferred
for interpretation of data, but cannot be obtained within the resource limit.

Once the experiments were completed, the waste rock was returned to the Stratmat pile for dis-

posd.

2.7 ANALYSIS OF DRAINAGE

Three parameters - pH, conductivity, and solution mass - were measured on al samples that had
aufficient volume for these measurements. Measurement of redox potentia was made on a small
percentage of samples.

Based on available information on the rock materid, only three dissolved dements were measured
on dl samplesto optimise the cost effectiveness of acquired data. They were sulphur (S), iron (Fe),
and zinc (Zn). For runsinvolving tracer additions, the concentrations of the tracer dements were
also measured (see Table 2-1). All dementa concentration measurements were made using either
ICP-AES or ICP-MS on unfiltered samples preserved with either HNO3 or HCI. Unfiltered sam-
ples were used for |CP analyses because comparisons made at the beginning of the experiments
between filtered and unfiltered samples showed no sgnificant difference in dementa concentrations.
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A number of samples were sdected for ICP scans of over 30 el ements to generate data for geo-
chemicad moddling.

Qudity assurance and qudity control (QA/QC) on chemica analyses were redised by established
routines such as blind blanks; blind replicates, and timely verification of data. These QA/QC meas-
ures were conducted independently of and in addition to the routine QA/QC measures exercised
by the andytical laboratory, which included blanks, standards, spikes, and repests.

In this report, the terms “ dissolved S’ and S’ are used aternatively with the terms “ dissolved SO,*
" and “SO,*”. It is assumed that in dl drainage samples the only S species is SO,%. The SO4*
concentration is smply related to the S concentration by [SO,*] = 3 x [S]. In addition, the terms
“dissolved Fe’ and “Fe’ are meant to include both Fe** and Fe**,
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3.0 RESULTS AND INTERPRETATION

3.1 RESULTS

To facilitate examination and analyss of the experimentd data by other interested researchers, the
raw data have been provided on a diskette in Microsoft Office 97 ExceO formét (file name “ Re-
aultsxls’).

The stahility of flow ddivered by the rain smulator is satisfactory, asindicated by the agreement
between the totd pumped amounts measured by the water level changes in the water reservoir and
those calculated from the target flow rates and pumping duration (Table 3-1). The draining time
between separate experimenta runs and the approximate time of solution breakthrough are given
in Table 3-2. The “solution breskthrough time” is defined as the time eapsed from the beginning
of smulated rain goplication to the time when about haf of the drainage ports have reported flow.

Table 3-1 Comparison of Measured and Calculated Volumes of Water Delivered

Délivered Volume Target Flow Dedlivered VVolume (cal-
col. | Run (measured by water | Pumping Rate No. of Flow culated from target
level changesinres- | Duration (mL/min/ Channels flow rate and pumping
No. | No. ervair), L (hour) Channel) duration), L
1 92.5 13 3.2 37 924
1 2 50.0 7 3.2 37 49.7
3 36 10 1.6 37 35.5
1 36 5 3.2 37 35.5
5 2 44 6 3.2 37 42.6
3 75 10.77 3.2 37 76.5
4 35 5.1 3.2 37 36.2
1 21 10 35 1 21.0
3 2 N/A 13 35 1 27.3
3 N/A 12 35 1 25.2
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Table 3-2 Draining Time between Runs and Elgpsed Time at Solution Breskthrough

Number of Days Elgpsed since | Time Elgpsad from Beginning of
Col. No. | RunNo. | Last Test but before this Test on Smulated Rain to Solution
this Column Breakthrough, minutes
1 Not gpplicable 735
1 2 2 170
3 4 357
1 Not gpplicable 150
5 2 2 240
3 76 378
4 5 165
1 Not applicable 349
3 2 14 538
3 2 870

3.1.1 Rain Simulation Tests

The individua port drainage hydrographs and whole-column drainage hydrographs composited
from the individua port drainage hydrographs are plotted in APPENDIX 1I. The reader should
conault the abbreviations and explanations at the beginning of this gppendix to fully understand the
graphs. Some points on the hydrographs are interpol ated.

APPENDIX Il presents the dissolved Zn drainage chemographs for individua ports and for the
entire columns. Like the column drainage hydrographs, the column drainage chemographs are dso
compodited from individua port drainage chemographs. Only dissolved Zn chemographs are plot-
ted in this appendix. Chemographs for other parameters such as S, Fe, conductivity, etc., can be
congtructed from the raw data provided in the data diskette.

APPENDIX IV givesthe pH chemographs for individua ports. Because pH is not a conservative
parameter, it can not be composited from individua ports to derive the pH for the entire columns.

3.1.2 Tracer Tests

Tracer testswere carried out in Columns 1 and 3. NaCl was added in Run 1; KNOs inRun 2; LiCl
in Run 3. The tracer dements were Na, K, and Li, respectively. The tracer concentrations and
duration of rain smulations used are shown in Table 2-1. The tracer concentrations were sdected
to be a least two orders of magnitude higher than those of ether the background water or the pore
water associated with the waste rock samples.

Individua port tracer chemographs and whole-column chemographs composited from individua
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port chemographs are both shown in APPENDIX V. Consult APPENDIX I1 for explanations of
abbreviations and graphing details.

3.1.3 Radial Infiltration Dispersion Tests

One objective of Column 3 wasto study the radid disperson of flow in the horizonta direction. For
this, water was applied a one point on the surface of the rock sample bed - the centre point -
which isverticaly above drainage area 16 (Figure 2-4). The bottom drain structure was divided
into 16 annular drainage areas, with the centrd circle conssting of drainage area 16, the inner an
nular ring consisting of drainage aress 15, 14, 13 and 12, the middle annular ring congsting of
drainage areas 11, 10, 9 and 8, and the outer annular ring consisting of drainage arees 7, 6, 5, 4,
3,2, 1

The flow ratesin g/min and the flow flux in mg/crmf/min for the centra cirde, the inner, the middle
and the outer annular rings are plotted in APPENDIX VI.

3.2 DRAINAGE GEOCHEMISTRY

3.2.1 Minerals in Equilibrium with Drainage Solutions

One drainage sample was sdected for each timeinterva in Column 2, Runs 1 and 2 for ICP andly-
ssof twelve dissolved dements: Al, As, Ca, Cu, Fe, K, Mg, Mn, Na, Pb, S, and Zn. For each
timeintervad, the sdection of drainage sample was made on an arbitrary basis among the drainage
ports that had collected sufficient solution during that time interva. The identification of drainage
samplesfor plotting, tabulation, and discusson is exemplified asfollows. C2R1T30P36 = Column
2, Run 1, Time 30 minutes, (drainage) Port 36.

The andytical results obtained for the samples described above were used to compute saturation
indices (SIs) with the help of the computer program PHREEQC (Parkhurst, 1995) devel oped and
maintained by the U.S. Geologica Survey. In addition to demental concentrations, pH and redox
potential were necessary for the modelling exercise. Experimentaly measured pH was used. Since
redox potentiad was not measured on dl the drainage samples, missing values were assumed to be
E,=0.5015 V (the subscript h in K, meansthat the potentid is relative to the standard hydrogen
electrode, or SHE), which is equivaent to pe = 8.5 at 25°C. The converson from K, to peis

pe=E, " _y.%60
2.303RT 0.0592

The results of the PHREEQC modelling are shown in Table 3-1. All the minerdsthat showed an
Sl vaue greater than -2.0 in any of the smulations are listed. The S's (excdluding those of anhydrite
and hematite) are also plotted in Figure 3-1.
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Table 3-3 Saturation Indices Caculated by PHREEQC for Selected Drainage Samples

Saturation Index

Drainage pH pe ionic alunite anhydrite | cuprousferrite| diaspore | epsomite goethite goslarite gypsum hematite | jurbanite

I.D. strength |[KAI3(SO4)2(0OH)6 CaS0O4 CuFeO2 AIOOH |MgS04.7H20] FeOOH ]ZnS04.7H20|CaS04.2H20| Fe203 | AIOHSOA4
C2R1T30P36 | 2.94 | 8.92 | 0.285 0.485 -0.3 2.039 -1.734 -1.707 1.407 -2.073 -0.083 4.824 0.676
C2R1T60P14 | 2.74 | 850 | 0.385 -0.263 -0.182 1.306 -2.231 -1.542 0.425 -1.903 0.034 2.861 0.635
C2R1T120P1 | 2.70 | 8.50 | 0.289 -0.878 -0.203 1.177 -2.441 -1.727 0.388 -2.063 0.014 2.785 0.449
C2R1T180P21) 2.79 | 850 | 0.371 -0.044 -0.183 1.483 -2.133 -1.55 0.545 -1.925 0.033 3.100 0.628
C2R1T240P6 | 2.80 | 8.50 | 0.362 -0.103 -0.177 1.355 -2.125 -1.579 0.496 -1.919 0.039 3.002 0.608
C2R1T600P21) 2.84 | 8.50 | 0.355 0.132 -0.182 1.577 -2.004 -1.573 0.617 -1.95 0.034 3.245 0.65
C2R2T30P1 2.83 | 850 | 0.243 -0.307 -0.189 1.359 -2.126 -1.827 0.501 -2.161 0.028 3.011 0.472
C2R2T60P37 | 2.91 | 8.50 | 0.300 0.316 -0.156 1.630 -1.859 -1.685 0.709 -2.038 0.061 3.428 0.622
C2R2T90P37 | 2.78 | 850 | 0.271 -0.614 -0.166 1.061 -2.295 -1.747 0.337 -2.096 0.051 2.684 0.425
C2R2T120P34] 2.74 | 850 | 0.293 -0.957 -0.176 1.047 -2.430 -1.702 0.337 -2.032 0.041 2.683 0.383
C2R2T180P34] 2.75 | 850 | 0.271 -0.894 -0.178 0.939 -2.411 -1.747 0.256 -2.089 0.039 2521 0.367
C2R2T240P6 | 2.82 | 850 | 0.274 -0.533 -0.192 1.183 -2.213 -1.733 0.471 -2.074 0.025 2951 0.428
C2R2T600P30) 2.83 | 8.50 | 0.307 -0.160 -0.165 1.669 -2.083 -1.675 0.674 -2.026 0.051 3.358 0.562
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3 —&— alunite KAI3(SO4)2(OH)6 —8— cuprousferrite CuFeO2
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Saturation Index
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Fgure 3-1 Minerd Saturation Indicesin Sdlected Drainage Samples

The S's are interpreted to infer what minera phases are in equilibrium with the drainage solutions,

asfollows

Minerds known not to form in the environment of concern, i.e, moist waste rock under natura
ambient temperatures, are disregarded. This gppliesto anhydrite and hematite. Anhydrite does
not form because in the presence of moisture and within the naturaly varying temperature range,
gypsum is thermodynamicaly and kineticaly favoured minerd phase to form. Asto hematite,
dthough it is thermodynamicaly favoured, within the norma naturd temperature range it ismuch

less kinetically favoured than goethite.

If the solution S for acertain minerd fluctuates widdy (e.g., when Sl ae Sl min>1.0), thismin-
erd isusudly nat in equilibrium with the solution. This criterialeads us to discard cuprousferrite,

aunite, and diaspore.

If the solution Sl for acertain minerd is Sgnificantly below zero, the solution is under-saturated
with respect to that minerd. This criteria applies to epsomite, godarite, and diaspore. These

minerds are then disregarded as they are unlikdly to coexist with the solution.

The above interpretation leaves only three minerds as possible phases in equilibrium with the drain-
age lutions. gypsum, goethite, and jurbanite. It is clear that gypsum isin equilibrium with dl the
drainage solutions as the solution S for gypsum nether fluctuates much nor deviates sgnificantly

from zero. In fact, it dmost coincides with the idedl, horizontd draight linea an S of zero.
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For goethite and jurbanite, the SI's for different drainage solutions have a smdl fluctuation around
the vdue of 0.5. This suggests that these two minerds are likdly to be in equilibrium with the drain-
age solutions. The postive digolacement of 0.5in S vaues can be explained by one or more of the
reasons below:

The true thermodynamic K, could differ from the K, listed in the thermodynamic detabase of
the computer modd by afactor of about 3.15 (notelog3.15=0.5), i.e,

The thermodynamic Kg,'s listed in the thermodynamic detabase of the computer mode are
correct, but these minerals may tend to precipitate at a degree of saturation® of about 3.15.

The rdevant activity coefficients caculated by the computer mode could be positively biased
(i.e, larger than the true va ues).

The relevant andytica concentrations could be positively biased (i.e, larger than the true val-
ues).

One more potentia reason for the fluctuation and pogtive biases of the gecthite SI's, especidly the
large positive bias of the firgt data point, isthe use of assumed instead of measured E, vaues. Since
E, is used by the computer model to speciate the Fe, which was measured, into dissolved Fe** and
Fe*, which were not measured, inaccuracy in B, would cause inaccuracy in Fe**, which in turn
leads to biased vaues of Sl for goethite.

In addition to these three minerds, another minerd, anglesite PbSO,, isvery likdly to bein equilib-
rium with dl the drainage solutions. Thisis the case found in the column dissolution test (Li, 1999,
Chapter 4.0) where the Si'sfor the rinse solutions are dl near zero. In the large column tests, how-
ever, S's cannot be cd culated because the concentrations of Pb are below the andytica detection
limit of 0.25 mg/L. The Pb concentration is likely depressed to such low levels by the very high
S0O,* concentrations, an indirect evidence that anglesiteisin equilibrium with the drainage solutions.

In summary, the minerdsinferred to be in equilibrium with the drainage solutions are gypsum, angle-
gte, goethite, and jurbanite.

3.2.2 Mineral Solubility Control of Concentrations in Drainage

The concentration of agueous element A is said to be controlled by the solubility of minerd A;B,

' Degree of saturation, S=1AP/Kg, where |AP = ion activity product, K, = thermodynamic sol ubility constant
(or product). Saturation index Sl =10g10(S). S=1 or SI=0 meansthat the solution isin equilibrium with the minera
phase.
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if (1) any smal addition of A to asolution equilibrated with A,B, at an agueous concentration of
Ca causes precipitation of ABy S0 thet thereislittle changein Ca, and (2) any smdl removd of A
from a solution equilibrated with ABB, at an agqueous concentration of Ca causes dissolution of
A;B, s0 that thereislittle change in Ca.

The equilibrium between aminerd phase and a solution does not directly imply that the concentra-
tions of the minerd's dissolved congtituents in the solution are controlled by the minerd's solubility.
For example, the equilibrium between a drainage solution and gypsum does not mean that the
concentrations of both Ca.and SO, are effectively controlled by the solubility of gypsum. Therule
regarding which dissolved condtituent's concentration is controlled by aminera in equilibrium with
the solution is stated as follows:

Suppose asolution containing dissolved condtituents A and B isin equilibrium with
the minera phase AB. The molar concentrations of A and B are C, and Cg, re-
spectively. If Ca >> Cg then Cg is controlled by the solubility of AB whereas Ca
isnat; if Ca » Cg, then both C, and Cg are controlled by the solubility of AB; if
Ca<< G, then G, is controlled by the solubility of AB but G is not. (See
APPENDIX VII for further discussion of thisrule))

Using the above rule, since [Ca] << [SO,*], [Pb] << [SO,*], we conclude that in the drainage
solutions studied, the solubility of gypsum controls the concentration of Ca and the solubility of
anglesite controls the concentration of Pb. Neither mineral controls the concentration of SO, in
the drainage solutions.

In the case of the minerd goethite FeOOH, the precipitation reaction can be written as
Fe** + 30H = FeOOH + H,0

In the drainage solutions, the F€* concentration is 1.0 x 10° to 2.0 x 10" mol/L whereas the pH
isusudly 2.5 to 3.5, equivaent of 3.0 x 10™ to 3.0 x 10™ mol/L OH;, thus [Fe*"] >> [OH].
According to the above rule, the presence of goethite will control the concentration of OH but not
that of Fe**. In other words, any smal amounts of OH added to the solutions (e.g., as NaOH) will
be nearly 100% precipitated as goethite, whereas any smal amounts of Fe** added (e.g., as
Fex(SO4)s) will be nearly 100% retained in solution. One can consider that Fe** in the solution
behaves as a buffer againgt pH rise.

For the case of jurbanite, AIOHSO,, since the least abundant constituents are OH and then A",
the mineral would exert a strong concentration control on OH', a moderate concentration control
on AP*, and virtualy no concentration control on SO,%.

In summary, the concentrations of Ca, Pb, Al, and OH are contralled by the solubility of gypsum,
anglesite, jurbanite, and goethite. This means that any small addition of these ions to the drainage
solution will force the entire added amount to be precipitated as their repective controlling miner-
ds. Thisaso means that the concentrations of these ionsin the drainage solutions are stabilised.
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Somewhat counter-intuitive is that the Fe** concentration is not controlled by the solubility of
goethite, as explained above. This means that small amounts of Fe** added to the drainage (e.g. as
Fex(S0,)s dissolves) will cause little precipitation of goethite, thus alowing the Fe** concentration
to fluctuate in awider range then if Fe** were controlled by the solubility of some minerd.

No minera solubility controls appear to exist for SO,*, Zn, and Mg, the three most concentrated
dissolved condtituents in the drainage solutions. Neither appear there to be any minerd solubility
controlsfor Fe?* and Fe** (generdlly Fe®* istwo orders of magnitude more concentrated than Fe**
and thus dominate the Fe). The concentrations of these condtituents can therefore vary in wide
ranges, asis indeed observed for SO,%, Zn, and Fe.

The above findings are made on the test results of Column 2, Runs 1 and 2. Generdly, they should
apply to other column tests as long as the test conditions do not deviate from those of C2R1 and
C2R2 dradticdly.

In the absence of minera solubility control, what other factors and processes determine the con
centrations of SO,%, Zn, and Fein the drainage? This question is dedlt with below.

3.2.3 Correlation among S, Zn, Fe, and Conductivity

Studying the relationships among different solution parameters may help reved the factors or proc-
esses which regul ate the concentrations of these parameters. An examination of the solution andys's
data reveds that the drainage in dl the ports from dl the columns and runs is basicdly a mixed
solution containing a few cations and one mgor anion. In an approximately decreasing order of
concentration, the cations are Zn**, M¢?*, Fe**, AP*, and Ca®*. The mgjor anion is SO,%. Since
for the mgority of drainage samples solution andysisis available only for Zn, Fe, and S, attention
is given mainly to these three dements below.

In Figure 3-1, dissolved Zn and Fe are plotted againg S and conductivity for the 10 individua runs
of the three columns. The S exigts in the solution dl in the form of SO,*. The following can be
observed:

For dl the runs, thereis a good, positive, linear corrdaion between Zn and Swith little scetter.
A smilar corration exists between Zn and conductivity, but with more scattered points.

The degree of correation between Fe and Sis dependent of the Fe concentration. When the
Fe concentration is greater than about 500 mg/L, afair, pogtive, linear correlation exigts. When
the dissolved Fe is below about 200 mg/L, the correlation disgppears. The correlation between
Fe and conductivity has asmilar pattern, abeit with more scattered points.

Generdly, the linearity and the degree of correlaion are higher between Zn and S (or conduc-
tivity) than between Fe and S (or conductivity).
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Figure 3-2 shows how the correlation among S, Zn and conductivity varies from run to run for the
three columns.

All Cdumns

The are some scattered points away from the main trends in the S-conductivity plots. As S (inthe
form of SO,*) accounts for the magjority of anions, agood correlation between S and conductivity
is expected and indeed observed. The outlier points in the S-conductivity plots likely represent
measurement errors in conductivity. The reason for some erratic conductivity messurementsis most
likely shortage of solution samplesin some ports, in which case the eectrode cannot be fully im-
mersed.

Column 1

For C1, the Zn-S plot isa straight line with little scatter. This means that the concentration ratio of
Zn/Siscongant in dl three runs. From R1 (Run 1) through R2 to R3, the data point cluster moves
towards the origin. This can be explained by partia depletion of Zn and SO,* in the pore water as
amulated rain was passed through it. Note that the intervas between R1 and R2 and between R2
and R3 are short: two days and four days, respectively (Table 3-2). The short intervals did not
dlow the washed rock to oxidise sufficiently to replenish the Zn and SO,* washed away during the
previous test.

The solid line represents the locus of a pure ZnSO, solution on the Zn-S plot. Comparison of the
solid line with the line defined by the data points shows that about 30% of the S in the solution
exists as counter-ions to dissolved Zn?*, and the remaining 70% mainly as counter-ionsto Mg,
Fe*, AI**, and Ca?. The addition of different tracersin R1, R2 and R3 did not produce noticesble
shiftsin conductivity, thisis understandable since the concentrations of the tracers added were only
smdl fractions of the totd dectrolyte concentrations in the drainage solutions.
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Figure 3-2 Zn and Fe Plotted against S and Conductivity for Individual Runs
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Figure 3-2 Zn and Fe Plotted against S and Conductivity for Individual Runs (Continued)
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Figure 3-2 Zn and Fe Plotted against S and Conductivity for Individual Runs (Continued)
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Column 2

For C2, two graight lines are defined by the experimenta data points on the Zn-Splot: R1 and R2
follow oneline R3 and R4 follow another. The most likely reason for the difference between the
dopes of the R1-R2 trend and the R3-R4 trend is the long delay between R2 and R3 (Table 3-2):
the delays between R1, R2, R3, R4 are 2, 76, and 5 days, respectively. The 76 days of delay
between R2 and R3 gave the rock mass, after the particle surfaces were washed clean, sufficient
timeto oxidise. When the re-oxidised rock was washed again in R3, much higher Zn concentrations
resulted. The smaler dope for R3-R4 data means that dissolved ZnSO, accounts for a smaller
percentage of the total dissolved SO,% in the R3-R4 drainage solutions than in the R1-R2 drainage
solutions. This can be explained if we assume the ratio of (sphd erite oxidised)/(pyrite oxidised) was
smadler during the 76 days of oxidation between R2 and R3 than the totdl cumuletive oxidation prior
to R1. The ground for this assumption is that in the fidld preferentia oxidation of sphderite was
likey to have occurred. This preferentia depletion of sphderite would have reduced the
phderite/pyrite ratio in the rock mass, hence later oxidation such as that which took place between
R2 and R3 would produce more FeSO, and less ZnSO,, or a smdler ratio of (sphalerite oxi-

dised)/(pyrite oxidised).

Now that the change in dope from R1-R2 to R3-R4 is explained, what is respongble for the large
increases in Zn concentrations from R1-R2 to R3-R4? The increase in the rock bed thickness from
1.0to 1.5 m from R2 to R3 may explain some of the increases. This, however, cannot be the main
reason, since when the bed was increased from 0.5 to 1.0 m from R1 to R2, the drainage Zn con-

centrations did not show noticeable elevation. In addition, the deviation of the R3-R4 dope from
the R1-R2 dope suggests that the dissolved SO, sdts in the R3-R4 drainage originated more
likely from the new oxidation products in the lower 1.0 m rock bed than the old, accumulated
oxidation products that prevailsin the upper 0.5 m rock bed. This leads to the hypothesis that the
76 days of new oxidation resulted in ahigher Zn concentration in the drainage than dl the previous
accumulated oxidation combined. Consdering that the new oxidation took place at alower ratio

of (gohderite oxidised)/(pyrite oxidised), to produce this higher Zn concentration, much more pyrite
would have to be oxidised, causng much higher Fe concentrations than previoudy observed in R1-
R2 drainage. Also, since the oxidation of sphalerite does not produce acid whereas the oxidation
of pyrite does (reactions below), the new oxidation would yield lower pH in the R3-R4 drainage
than in the R1-R2 drainage. Thisisindeed observed. In Section 3.2.5 , it is shown that the dis-

solved Feisroughly two orders of magnitude higher, and the pH is sgnificantly lower inthe R3-R4
drainage than in the R1-R2 drainage (Figure 3- 2). Nevertheless, as will be shown in Fgure 3-1,

the change in the dope of the Zn-Strend line, on a broader scae, is not very large and fals within
the normd variations exhibited by the three columns.

ZnS+ 20, = Zrt* + SO,%
FeS, + 3.50, + H,0 = Zn*" + 2S0,* + 2H*

Column 3

For C3, water was applied at one centra location on the sample bed surface, in contrast with the

-43-



smulated rain gpplication for C1 and C2. The sample bed thicknessincreased from 0.5to0 1.0 to
1.5 mfrom R1 to R2 to R3, as opposed to one sample bed thickness of 1.5 min al three runsfor
C1. Despite these differences, the Zn-S responses are Smilar to those of C1, that is, agood linear
correlaion exigts between Zn and S. The number of data points for C3 is much less than that for
C1 and C2 because of the reduced number of drainage ports.

Again, the Sin the SO,* anions counter-balancing the Zn?* cations accounts for approximately
30% of the S. Thetimeintervas between R1, R2 and R2, R3 are 14 and 2 days, respectively. As
aresult of the 14 days of ddlay between R1 and R2, some limited pH lowering and Zn rise are
observed in R2-R3 when compared with R1, but the delay was not long enough to cause notice-
able devation of Fe (Figure 3-2, Figure 3-2). Refer to the discussion under Column 2 above for
explanetion of these phenomena.

3.2.4 Concentration-Controlling Mechanism Inferred from Zn-S Correlation

The corrdation between dissolved Zn and Siin the drainage solutions for al ten experimenta runs
isillugraied in Fgure 3- 1. The data points can be contained in atriangle OAC with its gpex Stuated
a the origin. A sraight line OB can be fitted to the data which defines an average fixed Zrn/Sretio.
This fixed ratio means that dissolved ZnSO, accounts for a constant percentage of the dissolved
SO42. Recdll that the ten runs varied widdly in experimenta condiitions, induding ssmple bed height,
amulated rain intengity and duration, paitern of water gpplication, and so on. Also note that the Zn
and S concentrations varied widdy, from zero to about 16 000 mg/L Zn and 27 000 mg/L S. Now
the question to ask isthis: does this gpproximately condtant Zr/S ratio delineate some underlying
geochemical process?

The answer is probably yes, and one possibility of such an underlying processis successve dilutions
and mixing of diluted solutions. To show that dilutions and mixing of dilutions can produce thislinear
relaionship, two prerequisites are necessary: First, within the concentration range considered,
dissolved Zn and S are not subjected to minerd solubility control, thet is, no Zn or Sis chemicaly
precipitated from a solution when it is diluted. This is satisfied, as explained in Section 3.2.2 .
Sacond, successive dilutions and mixing of various dilutions of an origingl solution must maintain a
congtant Zn/Sratio (for the proof of this point see APPENDIX VIII).

Graphicdly, the dilution of a solution with pure water corresponds to a movement of the point
representing the undiluted solution towards the origin aong the straight line defined by that point and
the origin. For example, dilution of the solution represented by point B will produce a new solution
that can be represented by a point on the straight line 0B, with the exact location of the point de-
termined by the magnitude of the dilution factor. Mixing of two solutions with the same Zr/Sraio
(whose representative points must necessarily fal on a straight line radiating form the origin) pro-
duces a new solution represented by a point on the line segment connecting the two points repre-
senting the two origind solutions Smilarly, mixing of two solutions with different Zr/S ratios gener-
ates a new solution which can be represented by a point on the line segment connecting the two
points representing the two mixing solutions, the only difference being thet this time the extenson
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of the line segment do not pass the origin. It then follows that using two solutions represented by
two arbitrary points P and Q on the Zn-S plot, the solution composition corresponding to any
arbitrary point X within the triangle OPQ can be recreated by dilutions and/or mixing.

It can be postulated that al the solutions represented by the points in the data triangle OAC in
Figure 3-1 are created by dilutions and/or intermixing of a set of solution compaositions represented
by points within the circle R. For smplicity, we can regard al observed solution compostions as
aresult of dilutions of one composition, Stuated a point D (not shown in Fgure 3-1) on theline 0B
and beyond point B, and treat the scatter above and below line OB as random variations. Clearly,
point D represents the origina pore water Zn and S concentrations.

To show that the observed Zn and S concentrations resulted entirdly from dilutions of one solution
composition representing the origind pore water, another possibility which may give rise to the
observed linear trend shown in Figure 3-1 must be ruled out: the dissolution of solid zinc sulphate
mineras (such as godarite ZnSO,¥H,0) at a constant Zn/S ratio.

The -2 inch fraction of the waste rock has amoisture of about 6%. The soluble sulphate storage
in the waste rock determined in the column dissolution tests is 6.15 kg SO,%/t of waste rock (Li,
1999), mainly in theform of Zn, Fe, Al, and Mn sulphates. Assuming 30% of the soluble sulphate
gored isin the form of ZnSO, (thisis an experimenta average represented by line 0B), then there
would be 3.10 kg ZnSO4/t of rock. Cdculations using these data give 51.6 g/L. ZnSO, in the pore
water. Thisis about one order of magnitude less than the solubility of ZnSO, (419 and 544 g/kg
of water at 0 and 25 °C, respectively, Perry and Green, 1997). Therefore, dl the stored ZnSO,
is accommodated in the pore water and not in zinc sulphate minerals.

The pore water Zn concentration corresponding to 51.6 g/ ZnSO, isroughly 21 g/L. Extending
line OB passing point B to aZn concentration of 21000 mg/L gives a corresponding S concentra:
tionsof 39 000 mg/L. The point representing Zn=21000 mg/L and S=39 000 mg/L ispaint D - the
Zn and S compodtion of the origina pore water. The highest S concentration observed in dl runs
is about 28 000 mg/L, 1.4 times smdler than the S concentration & point D.

“Origind pore water” refersto the pore water associated with the waste rock before the smulated
rain experiment began. Thus the solute concentrations in the origina pore water are a reflection of
the higtory of the waste rock. Once rinsed, the originad pore water is diluted and the pore water in
the waste rock can no longer be called original.
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The above cdculations are gpproximate because (1) the rock samples used in the large column
tests are not exactly the same as that used in the column dissolution tests, (2) the moisture content
of 6% used may not be sufficiently accurate. In fact, intuitively one would expect that the highest
observed Zn and S concentrations correspond to the origind pore water concentrations. If this
were the case, the origina pore water concentrations would correspond to point B a 28 000 mg/L
Sand 16 000 mg/L Zn. It is believed that these concentrations better represent the origind pore
water S and Zn concentrations and thus will be used in later andlyss. In any event, point D and
point B differ only by afactor of 1.4, which isnot very large.

3.2.5 Correlation among Zn, Fe, S, pH, and Flow Rate

Figure 3-1 plots dissolved Zn and Fe againg flow rate and pH for the ten individua test runs.
Figure 3-2 plotsdissolved S, Zn and Fe againgt pH and dissolved S, Zn, Fe, pH againgt flow rate.

Lack of Rdationship between Dissolved Zn, Fe, S, pH and Flow Rate

Both graphs show alack of relationship between dissolved dements Zn, Fe, S and flow rate, as
well asalack of relationship between pH and flow rate. Thislack of relationship has been docu
mented in anumber of fidd cases (eg., Smith et d., 1995, Morin et d., 1994). Thereis, however,
adownward shift in the S, Zn, and Fe data clusters and upward shift in the pH data clusters from
C1R1 to C1R3, reflecting the dilution of pore water concentrations at the beginning of each run.

Thislack of rdaionship Smply means that the flow rate is not a main controlling varigble for the

concentrations and the pH of the drainage. However, one must be careful not to take this further
to mean that the concentrations and the pH are not at al related with dilution.
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Re ationship between Zn, Fe, S and pH

It gppears from FHgure 3-1 and Fgure 3-2 that the dissolved Zn, Fe and S are, to a certain extent,
inversdly related with the drainage pH, dthough there is a large degree of scatter in al runs and
columns. However, correlation does not necessarily imply a cause-effect reationship and in the
present case, it does not. One must avoid the mistake of concluding that the Zn, Fe, and S concen
trations are controlled by the pH. The reasons why these concentrations are not pH-controlled are
asfollows

Geochemica equilibrium moddling of the drainage solutions reveals no Zn, Fe, or S-containing
minera phases that would limit the concentrations of these dements (Sections 3.2.1 and 3.2.2

).

At any given pH, there isawide variaion of dissolved Zn, Fe, or S. By definition, for atruly
pH-controlled concentration, the variation a a given pH should be quite narrow, comparable
in magnitude to the uncertainties in measurement and anaysis.

Thereisno ground to believe that dissolved Sis subject to pH contral, yet it variesin afashion
gmilar to that of Zn and Fe. This suggests an dterndtive control on these concentrations other
than the pH.

Since the concentrations are not pH-controlled but are somewhat related to pH, there must be a
third variable that underlies the gpparent correlation. Asit turns out, this third variable gppearsto
be the dilution factor, as explained in Section 3.2.4 . More discussons based on the S-, Zn-, and
Fe-pH relationships (Figure 3-2) for Column 1 follow.

3.2.6 Concentration-Controlling Mechanisms Inferred from S, Zn, Fe-pH Relationships

In Section 3.2.4 it was shown that the Zn-S corrdaion observed for dl the test runsis consistent
with the hypothesis thet dl the drainage solutions resulted from successive dilutions and/or intermix-
ing of various-stage dilutions of the origina pore water. Now let us examine whether this dilution
hypothesisis condggtent with the S-, Zn-, and Fe-pH relationships observed for C1.

Onthegraphsfor C1in Figure 3-2 (page 51), three curves are drawn: the upper (dashed), the
middle (solid), and the lower (dotted) curve. These curves are drawn using data created by com+
puter modelling (PHREEQC) of dilutions of typica pore water compositions, with details given
below:

The pore water S and Zn concentrations used are those determined in Section 3.2.4 : 28 000
mg/L Sand 16 000 mg/L Zn. The pore water Fe concentration is estimated to be 2000 mg/L
from the Fe-pH graph for C1 in Fgure 3-2. The starting point on the upper |eft corner of each
curve corresponds to adilution factor of 1 (i.e,, no dilution) and the end point on the lower right
corner of each curve corresponds to adilution factor of 0.2 (i.e. five times dilution).

-54-



The three starting points differ only dightly in pH and Fe?*/Fe®* ratio: dashed curve - pH=2.30,
Fe**/Fe*=39; solid curve: pH=2.25, Fe**/Fe*=19; dotted curve: pH=2.20, Fe**/Fe**=5.7.
The range of the F&**/Fe*" ratios used, 39 to 5.7, corresponds to an equilibrated pe value
range of 9.70 to 10.47, or an E, range of 550 to 599 mV, which agree well with the limited
number of B, measurements.

To create data for each curve, the starting solution composition (i.e,, S, Zn, Fe, Fe*/Fe** ratio
and pH; other dements were ignored) is diluted by mixing with water in 20 equa seps covering
the dilution factor range from 1 to 0.2. At each step the solution is equilibrated under the con-
graintsimposed by mass balances. The concentrations of S, Zn, Fe and pH, pe are determined
by the equilibrium. The mineral goethite FeOOH is dlowed to precipitate when saturetion is
achieved. The system is dso brought to equilibrium with atmospheric carbon dioxide a 103
atm partid pressure.

During the smulations, small percentages of Fe were precipitated as FeOOH, but no Zn-
containing minerds (hydroxides, carbonates, sulphates, or mixed sats) nor sulphate-containing
minerds reached saturation.

Fgure 3-2 shows that the observed trendsin the S-, Zn-, and Fe-pH relationships are in agreement
with the three curves constructed based on the dilution of pore water. The observed data trends
inthe S-pH, Zn-pH, and Fe-pH plots can fully be explained by dilutions of varying degrees of the
origind pore water, with the pH regulated by hydrolysis of cations (Fe**, Fe**, and Zr**) and
precipitation of goethite, FeOOH. The observed scatter can be explained by small variations of
redox conditions. The agreement between the moddling results and the observed data lends further
support to the dilution hypothesis firgt introduced in Section 3.2.4 from andyss of the Zn-S corre-
lation. Thisdilution hypothesisis now stated asfollows:

In the large column tests, the observed S, Zn, Fe concentrations and the pH of the
drainage solutions result from dilution of the origina pore water, subject to equilib-
rium with redox reactions and goethite precipitation which are themsealves caused
by the dilution process.

The foregoing andysis has basicaly established geochemica links among four groups of varigbles:

Pore water chemistry including analytica concentretions, pH, and E,
Average dilution factor or dilution factor distribution

Dilution-controlled concentrations (S, Zn, Fe) in drainage and pH of drainage
Solubility-controlled concentrations (Ca, P, Al) in drainage

A owbdpE

These relationships are used in this study to probe the internd flow structure and solute transport
phenomena within the waste rock sample bed. The pore water chemigtry was inferred from mees-
urements. The pH and andytical concentrations of S, Zn, and Fe were measured for each separate
drainage issuing from one of the 37 drainage ports. A dilution factor is therefore obtained for each
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drainage port as a function of time. The dilution factor information is then integrated with other
measurements such as port flow rates to uncover some of the internd hydrologica and geochemicd
processes within the waste rock, including the phenomenon of channdling.

The dilution hypothesis does not rule out the existence of other geochemicd processes influencing
the drainage zinc concentration such as adsorption/desorption, copreci pitation, ion exchange, etc.,
but it does point out thet dilution and mixing of infiltrating water with pore water is by far the domi-
nant process regulating zinc concentration.

The dilution modd aso leads one to ask whether the zinc contained in the waste rock can be
“rinsed out " efficiently by application of weater to the top of a pile. This question cannot be a+

swered within the dilution hypothesis itsdf since it does not ded with the internd flow structure
within the rock. The conceptua flow moded proposed in Chapter 4.0 isreevant to this question.

In addition, research conducted by NTC and others (Catalan and Li, 1999; Catdlan et d., 1998,
Li etd., 1995, Dixon, 1993) examined rinang of acid-leached and cyanide-leached ores. A brief
summary of the information contained in these sources is as follows. Essentidly, the pore water
associated with the waste rock can be considered to exist in two types: the firdt typeis that |ocated
on flow routes which can exchange solute mass with infiltrating water by direct mixing, and the
second type is that located outside but connected to flow routes which exchanges solute mass with
the flowing water predominantly through diffuson. If a continuous fresh water ringng is gpplied to
the waste rock, the mgjority of the pore water zinc, perhaps 80-90%, will be washed out in ashort
period. Thiswould be achieved mainly by convective trangport of the zinc in the firg-type of pore
water and by the initid diffusive trangport of zinc in the second-type of pore water, whichisa a
high rate due to the large concentration gradient between the infiltrating water and the pore water.
Pedt thisinitid ringng phase, the remaining 10-20% solute would be released dowly, relying mainly
on the diffusive mass trandfer of dissolved zinc from the second-type of pore water. The zinc con-

centration in the rinse effluent could experience a fast decrease in the initid stage resembling an
exponentid decay, but would soon sabilise a a quas-seady-date vaue that is largely dependent
on the rinse water gpplication rate. This quas-seady sate would lagt along time, generding arinse
effluent of low zinc concentration. In our experience with the Mine Gaspé (Noranda) pilot test
(Catalan and Li, 1999), the stabilised concentration (dissolved copper in this case) was around 20
mg/L. On the basis of thisanalyss, the answer to the question raised at the beginning of this para-

graph would be yes if the objective is to recover the mgority of the dissolved zinc stored in the
wadte rock and no if the objective is to decommission the waste rock by a quick rinse so that the
drainage is suitable for direct discharge to the environment (even if further sulphide oxidetion is
assumed not to take place).

The rdaionship among the four groups of variables may gpply to other rocks thet are smilar to the
one dudied. The*gamilarity” of behaviour among different rocksisatopic of discussion in Chapter
4.0 . Unfortunately, it is generdly impossible to use the rdaionships to predict water quaity from
waste rock piles, because the second group of variables are usualy not known and, at our present
level of understanding of flowswithin waste rock piles, cannot be reliably predicted or estimated.
Finding out how the dilution factor is controlled by variables such as rock height, grain Sze make-
up, precipitation characteristics, etc. can be a subject of further research.
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3.2.7 Summary

The discusson of drainage geochemistry focused on mechanisms regulating dissolved concentra
tions of metds and sulphate. Experimenta data andys's suggests that the concentrations of Ca, Pb,
and Al are solubility-controlled by precipitation of gypsum, anglesite, and jurbanite, respectively.
No solubility control isfound for the concentrations of Zn, Fe, and S, although geothite is among
the precipitated phases. Experimental data support a dilution hypothesis, which states that the
concentrations of Zn, Fe, S and the pH observed in the drainage are aresult of successive dilutions
and/or intermixing of various-stage dilutions of the origina pore water, subject to equilibrium with
redox reactions and goethite precipitation caused by the dilution process.

3.3 DRAINAGE HYDROLOGY

Naturd precipitation-derived infiltration flows in mine waste rock piles are unsaturated and hetero-
geneous. Because of the wide grain size range, waste rock usualy cannot be treated as smple
porous media as described by Darcy's law or Richards equation. The flow structure within waste
rock pilesis complex and poorly understood.

The mogt profound feature of flows in waste rock is the potentid for channelling (synonymoudy,
preferentid flows). Channelling can be defined as the existence of regions in a waste rock pile
where the volumetric flux of water across the horizonta plane far exceeds the average volumetric
flux for the entire pile. Volumetric flux isthe flow rate per unit cross-sectional areameasured in s
bn?inthe S system, thusiit has the dimension of [L][T™], and is anaogous to the specific dis-
charge for aporous media

Channdlling affects many physicad and chemica processes taking place within awaste rock pile. It
affects, for example, the rate a which water is conducted, the resdence time distribution of the
water issuing at the toe of the pile, the amount of rock surfaces flushed, and the rate a which con-
taminant is trangported out of the pile.

3.3.1 Experimental Observations of Channelling

Studying channdling phenomena was one of the mgor objectives for this sudy and thus a basic
design consderation for dl 10 experimenta runs. The methodology for the large column experi-
mentsis described in Chapter 2.0 and the experimenta conditions are condensed in Table 2-1,
Table 3-1, and Table 3-2. In Figure 3-1, the bottom drainage partition paitern isillustraied on the
fira page, which isfollowed by eght pages of three-dimensiond column graphs depicting the flow
rate evolution for each drainage partition for dl 10 experimenta runs. The flow rate (vertical) scae

-57-



X and Y coordinates of drainage partitions for Columns 1 and 2
used in the graphs that follow. For Column 3 drainage partition
pattern, see Figure 6-7. Numbered drainage partitions each have a
separate drainage port connection and are approximately equal in
area. Partitions labelled A through H do not have drainage port
connections and water arriving at these partitions flow to nearby,
numbered partitions.

Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals
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C1 R1 (60 min)

C1R1 (120 min)

C1 R1 (240 min)

C1 R1 (600 min)

C1R1 (30 min)

C1 R1 (90 min)

C1 R1 (180 min)

C1 R1 (380 min)

7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)

Figure 3

-60 -



(njuy/B) erey mosy

C1 R2 (60 min)

C1 R2 (120 min)

€1 R2 (240 min)

C1 R2 (600 min)

€1 R2 (30 min)

C1 R2 (90 min)
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C1 R2 (360 min)

Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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C2 R1 (60 min)

C2 Rt (180 min)
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C2R1 (30 min)

C2R1 (120 min)

C2R1 (240 min)

7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)

Figure 3
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C2 R2 (80 min)

€2 R2 (240 min)

C2 R2 (80 min)

€2 R2 (180 min)
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C2 R2 (600 min)

Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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C2 R3 (60 min)

C2 R3 (180 min)

C2 RS (360 min)

C2 R3 (30 min)

C2 R3 (90 min)
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Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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C2 R4 (60 min)

C2 R4 (120 min)

C2 R4 (240 min)
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Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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Flow Flux Density, mg/cm2/min

C3R1

Flow Flux Density, mg/cm2/min

C3R2

Flow Flux Density, mg/cm2/min

C3R3

Figure 3-7 Flow Rates at Sample Bed Base for Different Time Intervals (Continued)
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is made identica on each page (one page represents one run except the last page) so that the
heights of the columns can be directly compared for each run.

In these column graphs, the flow rates are time-averaged (over the intervas), not instantaneous.
Since the areas of the drainage partitions are gpproximately equd, the flow rate in each partition
isdirectly proportiond to the average (not point) volumetric flux on thet partition. Abnormdly tall
columns represent flow channds. If we suppose that flow channdls were sparingly spaced, each
drainage partition would encounter no more than one channd. Furthermore, if we assume that
channels were smdl in horizontal cross-sectiond area, one channel would normaly not encroach
more than one drainage partition. Under these assumptions, the number of tal bars gpproximately
represents the number of flow channels.
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Examination of Figure 3-1 reveds the following quditative observations
Channdling is ubiquitous and occursin dl experimentd runs.

Thereis no gpparent pattern in the locations of channels; the locations of channel occurrences
can be considered random.

Thetotd area of the partitions containing large channel flows represent asmal percentage of
the total area of the rock bed base.

Channelling is much more pronounced in earlier gagesthan in later stages of flow for dl runs.
In later stages flows tend to become homogenised. This agrees with the intuition thet channdls
conduct water rapidly and dry up quickly once the surface water gpplication stops.

For the same sample bed, channels persit (i.e., do not change location) from run to run (C1R1,
C1R2, C1R3), even when smulated rain intensity was haved (from C1R2 to C1R3).

When the intengity of the smulated rain was reduced by 50% from C1R2 to C1R3, the channd
locations, relative flow rates, and duration of channel flows remains approximately constant.
The main change isin the absolute flow rates, which are reduced roughly by 50%.

The channd locations, relative flow rates, and duration of channd flows changed dramaticaly
when the rock sample bed thickness was increased. Thisis evident for both C2, in which smu-
lated rain was applied at the surface, and C3, in which water was gpplied at a centrd location
at the surface.

It gppears that higher proportions of the total flow are conducted by fewer channds at alower
initid moisture content than & a higher initid moisture content. Thet isto say, channdling effects
are more pronounced in adry rock mass than in awet rock mass. Thisis reveded by compar-
ing C1R1 (lower initid moisture) with C1R2 (higher initid moisture), C2R1 (lower initid mois-
ture) with C2R2 (higher initid moigture), and C2R3 (lower initid moisture) with C2R4 (higher
initid moidure). This obsarvation can be understood intuitively: for the same intendity and dura-
tion of precipitation, with adry rock mass, in non-channelling regions, much of the water goes
to replenish the moisture and does not yet have a chance to initiate flow before the rain is
sopped. Asareault the flow ismainly carried by channds. For awet rock mass, flowsin non-
channdling regions are initiated sooner after the rain starts, because the pore water moisture
content in these regions is dready near the field retention capacity. As aresult, more of the totd
flow is conducted by non-channelling regions of the rock mass, leading to aless pronounced
channdling phenomenon.

For the same sample bed thickness and the same rain intengity, drainage starts to flow sooner
if theinitid moigtureis higher than if it islower. This can be seen in the column hydrographsin
APPENDIX 11, by comparing C1R1 (lower initid moisture) with C1R2 (higher initid moisture),
and by comparing C2R3 (lower initid moisture) with C2R4 (higher initid moidure). Again, this
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agrees with intuition because for drier rock mass more water is needed to recharge the moisture
to the fidld retention capacity.

Clearly, channdling isinfluenced by many variables in a complex way.

3.3.2 Channel Stability and Internal Channel Stability

Channel stability refersto the ability of the largest channds (as identified by their drainage ports)
to perss from one run to another when environmental conditions change. Internal channel stabil-
ity refersto the ability of the largest channdsto maintain their ranks during a single drainage event.
Figure 3-1 and Figure 3-2 are created to facilitate discusson of channel sahility.

The eight largest channd flows (among 37 flows) are selected for plotting. The flow rate rank order
of achannd is determined for every time interva, with rank order 1 representing the highest flow
rate. Therank orders are then plotted againgt the time interva in Hgure 3-1. The overdl rank order
(i.e, for the“dl” category, far right on the horizonta axis of each graph) is determined using the
totd flow for the entire run. The eight largest channels are selected according to this* overdl rank
order”.

Figure 3-2 plots the number and percentage of identical channels againgt rank order numbers for
selected pairs of experimenta runs. The rank numbers used for the x-axis are the “overal” rank
orders. A datapoint (n, m) on the upper graph indicates that, between the two runswhich are being
compared for their repective m largest channds, n channds are identical. For the lower graph, the
quantity (n/m x100%) instead of n is used for the y-axis. To darify, take the comparison between
runs C1R1 and C1R2 (square symbols) as an example. From Fgure 3-1, the eght largest channels
in C1R1 are P34, P30, P36, P35, P33, P10, P2, and P28, whereas the eight largest channelsin
C1R2 are P34, P30, P15, P35, P33, P10, P36, and P37. Among these two groups there are six
identical channels (P34, P30, P36, P35, P33, P10). The result of this comparison is plotted on the
upper graph as point (6, 8) and on the lower graph as (75%, 8), where 75% is obtained from 6/8
x 100%. The line designated as “perfect” in the upper graph corresponds to the case where the
ranks of the large channels remain unchanged between the two runs compared: the largest, the
second largest, the third larges, ... flow channelsfor one run is, repectively, aso the largest, the
second largest, the third larges, ... flow channd s for the other run. In Figure 3-2, the closer aline
isto the“perfect” line (upper graph) or 100% (lower line), the higher the channel stability between
the two runs compared.
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Figure 3-8 Flow Rate Rank Order of 8 Largest Channels vs. Time Intervals
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Effects of Rock Bed Height on Channd Stahility

Such effects are reveded by comparisons among C2R1 (0.5-m bed), C2R2 (1.0-m bed), and
C2R3 (1.5-m bed). Increasing sample bed thickness has amgjor effect. In Figure 3-2, thisisre-
flected by the large deviations of the data points from the “perfect ling” in the upper graph or from
100% in the lower graph. For example, Figure 3-2 shows that only one of the four (25%) highest-
flow channelsin C2R1 remained in the top four channelsin C2R2. The two biggest flow channels
in C2R2 - P25 and P7 - were newly crested; they ranked 29" and 14", respectively, in C2R1, and
thus were inggnificant in terms of channelling. Channd gability is even worse from C2R2 to C2R3
than from C2R1 to C2R2 (Figure 3- 2, the lowest line): in C2R3 the top three channds were all
newly-created, and only 50% of the top eight chamdsin C2R2 remained in the top eight in C2R3.

The lack of channd stability when rock bed thickness is increased is likely a result of blocking
magor old channels and creating magor new channels. In other words, channels are unstable when
new rock is added on top of an existing rock pile.

Another effect of increasing rock bed height ssemsto be that it smoothes out the variation in the
rank orders of the most important channels at different times of the samerun. Thet is, increesing the
rock bed height has the effect of increasing the internal channel stability. Thisis seen by compar-
ing C2R1, C2R2 and C2R3 in Figure 3-1.

Effects of Initid Moisture on Channd Stability

Such effects are revealed by comparisons between C1R1and C1R2 and between C2R3 and
C2R4. Figure 3-2 shows that the two curves (open square and dot symbols) are not far from the
“perfect” line (Upper graph) or 100% (lower graph), indicating thet the effects of initid moisture on
channel gability are smdl - certainly much smdler than the effects of rock bed height. Figure 3-1
indicates that higher initid moisture tendsto increase the internal stability of the large channels.

Effects of Rain Duration on Channd Stability

It can probably be inferred that the effects of alonger rain duration applied to arock masswith a
lower initid moisture are Smilar to the effects of a shorter rain duration applied to arock masswith
ahigher initid moidure. Thisis because a certain amount of the rain is used to replenish the moisture
intherock. If thisinferenceis correct, the effects of longer rain duraion versus a shorter one on the
channd gtability would have been smdl. Longer rain would aso increase the internd channd stabil-

ity.

Effects of Rain Intengty on Channgl Stability

Comparison of C1R2 with C1R3 reveds that the effects of reducing the smulated rain intensity on
channd gability are quite smal. Fgure 3-2 shows that the line representing C1R2 versus C1R3 is
very closeto the “perfect” line. Figure 3-1 suggests that reducing the rain intengty tends to decrease
the internd channe stability within a drainage event.
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Column to Column Vaiationsin Channd Sability

The differences between C1 and C2 are andogous to the differences between different regions of
awaste rock pilein the fidld. Comparisons between C1 runs and C2 runsindicate the following:

The responses to changes in conditions such as rock bed height, initid moisture content, rain
duration, and rain intengity are Smilar.

Channd gability ishigher in C1 thanin C2.

The internd channd gtability is consstent for different runs of the same column, but is much
higher in C1 runsthanin C2 runs.

Fow per Unit Mass and Interna Channd Stahility

A common observation derived from the above discussion seems be this: the greater the flow of
water conducted per unit rock mass, the greater the interna channd stability. The flow conducted
per unit rock mass can be increased via various avenues. increases in rain duration, rain intengty,
or initid moisture, and decreases in rock bed height. Interna channe stability is important in the
congderation of solute transport, which will be discussed |ater.

3.3.3 Flows Conducted by Channels

During adrainage event, how much water is conducted by channels, and how much water is con-
ducted by non-channel regions? The answers to these questions would provide important clues as
to how fadt rain infiltration flows through a waste rock pile and, more importantly, how much con-
taminants are trangported out of the waste structure during the event.

Tota Column Flows

The discharge flow rate of a column (or arock mass) varies with time during a drainage event. A
graph plotting the column discharge flow rate againg timeis cdled a column discharge hydrograph.
Theintegration of the hydrograph curve equasthe totd volume of discharge. The column discharge
hydrographs for the ten experimental runs are presented in APPENDI X 11.

A typicd drainage hydrograph normally conssts of arisng limb, followed by a fdling limb, and
ending with along tail, asillugtrated by column discharge hydrographs of C2R1, C2R2, and C2R4
in APPENDIX II.

A drainage hydrograph is preferably constructed from “instantaneous’ flow rates - flow rates that
are measured in very short time intervas. The hydrographsin APPENDIX 11, however, are created
using average flow rates, measured over intervas spanning 30 minutes to a couple of hours. They
should be considered as approximate hydrographs. The use of these time-averaged flow rates
makes it impossible to accurately define the initid rising limb (especidly when therisng limb hasa
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seep dope) and the ending tail. Thisiswhy the hydrographs of C1R1,C1R2, C1R3, C3R1, C3R2,
and C3R3 do not show their rigng limbs. In addition, the positions of thetailsin dl the hydrographs
are very rough, snce the last data point of each hydrograph is an average over along time period.

The specid shape of the C2R3 hydrograph is caused by a discontinuity in the smulated rain. The
second smulated rain gpplication was not planned, but was added at the time when the experiment
was conducted because the origindly-planned smulated rain duration was found insufficient to
cause the required drainage flow.

Channd Fows

Figure 3-1 plotstheindividud port flow as a percentage of the whole-column flow for agiven time
interval. On the x-axis, the drainage port numbers are arranged in the order of decreasing overdl
flow rate. The insat shows the whole-column hydrograph for the run plotted. Figure 3-2 shows how
the flow in each of the eight largest channels vary with time. In Figure 3-2, for any given time inter-
va, the individua port flows on the verticd scae are expressed as a percentage of the whole-
column flow for that time interva. The column hydrographs (using the right scale) are dso depicted
for comparison.

If the infiltration flows were distributed homogeneoudy on the plane of the base of the rock bed,
a any moment or through any time interva during a drainage event, each drainage port would
receive gpproximately 1/37 (37 being the number of drainage ports), or 2.7%, of the total flow
crossing the base plane. Ports recelving flows much higher than 2.7% of the totd flow are inter-
cepting flow channels.

Figure 3-1 shows that there are two mgjor channdsin C1R1 to C1R3, corresponding to P34 and
P30, that conduct more than 10% of the total flow for at least one time interva. There are seven
or eight channds that conduct more than 5% of the totd flow for at least one timeinterva. On the
other hand, there are about ten drainage ports that conduct virtudly no flow. If the eight channels
of which each conducts more than 5% of the total flow for at least onetime interval are consdered
to represent the mgority of the channel flows, they would represent 8/37=21.6% of the rock bed
base area.

Figure 3-2 shows that the flowsin the eight largest channels as percentages of the whole-column
intervd flows change with time during a drainage event. Thelargest channd, corresponding to P34,
isoutsanding in thet it carries amuch higher percentage of the whole-column flow than eech of the
remaining channelsfor dl timeintervas
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With the exception of the largest channd (P34), the channdlling effects are most pronounced a the
beginning of the drainage event and diminish with the progress of the drainage event. For P34, the
flow seemsto be positively corrdated with the whole-column flow except the initid data point at
the 30 min interval.

In Figure 3- 3, the three experimental runs of C1 are compared. The horizonta axis, drainage port
rank number, increases with decreasing channd sze. The verticd axis, % of tota flow, isthe indi-
vidua port flow during the experimenta run calculated as a percentage of the whole-column drain-
age flow for the same duration.

Hgure 3-3 shows that the largest difference among the three runsis exhibited by the largest channd
(rank number 1): gpproximatey from 19 to 27%. The difference between R1 and R2 is dightly
gmadller than that between R2 and R3. Recdl| that R1 and R2 differ in initid moisture whereas R2
and R3 differ in smulated rain intengity. It gppears that the effects of rain intengty on the largest
channd flow is dightly more pronounced that those of initid moisture.

The experimenta observations from the three runs conducted on C1 are summarised as follows:
One large outstanding channd representing avery small percentage (~3.7%) of the totd base
drainage area conducts a significant percentage (~19 to 27%) of the whole-column drainage
flow, and it remains active throughout the drainage event. The flow conducted by this channel
gppears to corrdate positively with the whole-column flow (i.e., the hydrograph) over time.
Severd intermediate channels representing ~20% of the tota base drainage area carry ap-
proximately 40% of the whole-column drainage flow. The channelling effects of these channds
gppear to diminish as the drainage event progresses.

About 50% of dl the drainage ports carry the remaining 30-40% of the total flow. This can
probably be described as * background flows’ or “matrix flows’.

About 30% of dl the drainage ports conduct virtudly no flow.

The channdling effects are influenced by changes in experimentd variables such as rock bed
thickness, initid moisture content, and Smulated rain intengity.
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3.3.4 Areas Conducting Channelled Flows

In Figure 3-1, cumulative percentages of flows (relative to the whole-column flow for agiven time
interval) is plotted againgt the cumulative percentages of the rock bed base drainage area (relaive
to the total base drainage area) receiving these flows. The drainage ports have been sorted from
the largest to the amdlest flow. The draight line labdled as “uniform” corresponds to an ided,

homogeneous flow where the % tota cumulative flow is equd to the % cumulative drainage area
recaving thisflow. Toilludrate, for C1R1 in thetime interva of 30 to 60 min (empty square sym+

bol, top graph), 20% of the bottom drainage area received 77% of the whole-column flow col-

lected in thistime interval. Note that this 20% of the base drainage areais not a random 20%, but
one intercepting the largest channd flows. The closer an experimentd curve is to the “uniform”

curve, the more homogeneous is the flow regime, and thus the less channelling effects there are.

Examination of Figure 3-1 revedsthe following:

All runs gart with highly heterogeneous flows (with strong channdling) and tend towards homo-
geneous flows. But homogeneous flows are never attained.

The percentage of the whole-column flow carried by the eight largest channels (representing
~22% of the base drainage areg) change from one interva to another, from one run to another,
and from one column to another. For C1 and C2, they range from 70 to 90% for the early
stages of the drainage events.

For C1 and C2 where smulated rain was gpplied, 20-50% of the total base drainage area does
not conduct any flow during the early stages of the drainage events.

For C3 where feed water is applied at one central location on the rock bed surface, 20-60%
of the base drainage area does not conduct flow.

It isworth pointing out thet the above interpretations are based on the assumption that each channd
occupies the same area as the drainage partition that interceptsiit. Redigticaly, the cross-sectiona
area of achannd is probably much smdler than the area of the partition intercepting the channd.
If thisis taken into consideration, the percentages of flows would be conducted by much smaler
percentages of the base drainage area than shown in Figure 3-1. This would shift dl the curves
towards the left and make their initid dopes steeper. Unfortunately, a more accurate channelling
andyss such asthisisimpossble due to the limitations imposed by the fixed resolution of the base
partitions.

For ared wasterock pileinthefied, becauserain isintermittent instead of continuous and because
rain intengity changes ingtead of being congtant, thereislittle chance for fidld seepage to gpproach
uniform flow. For atypicd waste rock pile, highly heterogeneous channelled flows would be the
dominant mode of infiltration flow in theinterior of the pile during and following raingorms.
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3.3.5 Summary

The large column experiments have demongtrated that channelling is an ubiquitous phenomenain
the waste rock studied. Large channels representing avery smdll fraction (< 5%) of the totd drain-
age area a the base of the rock mass conduct a significant fraction (~ 20-30%) of the tota drain-
age flow. Intermediate channels account for ~20% of the drainage area carry ~ 40% of the total
flow. About 50% of the drainage area has background or matrix flows and carry 30-40% of the
tota flow. About 30% of the column base area does not intercept any flow. Channelling is more
pronounced in the earlier stages of drainage events. During a drainage event, the drainage flows are
highly heterogeneous at the rock bed base at the beginning of the drainage event, but they tend
towards more homogeneous flows as the drainage process progresses.

Channd dability isthe pergstence of large channds when conditions change. Internd channd sa-
bility is the ability of large channels to maintain their ranks during a drainage event.

The experimenta observations on the effects of saverd rock bed variables and smulated rain vari-
ablesare summarised in Table 3-1.

Table 3-4 Observed Effects of Severd Variables on Channelling Phenomena

Vaiable

Observed Effects

Rock bed height

Addition of new materid on existing rock bed changes channd loca-
tions, perhaps by blocking old channdls.

Channel gahility islost when rock bed height changes.

Thicker rock bed has higher internd channdl stability.

Greater bed height/thickness tends to lead to more uniform flow
digribution.

Initid moisture

Higher initid moisture in the rock mass means shorter drainege arrival
time at the base.

Effects of higher initid moisiure are Smilar to those of longer rain
duration.

Effects of initid moisture on channd gability are small.

Higher initid moisture increases internd channel stability.

Simulated rain dura-
tion

Effects of longer rain duration are Smilar to those of higher initid
moisture.

Effects of rain duration are amal on channd gability.

Longer rain duration increases interna channd stability.

Intengty of Smu-
lated rain

Effects of rain intengty are smal on channd ability.

Higher rain intendty increasesinternd channd daility.

Lower rain intendty causes smdler drainage flow rates in the same
channdls.




3.4 DRAINAGE SOLUTE TRANSPORT

3.4.1 Inferences from Zn Mass Balance

Zinc mass baance has been cadculated for the three runs of C1 using parameter vaues given previ-
oudy (Table 3-1).Tresting the column as a Sngle reactor, a hypothetical zinc output has been cd-
culated for each run of C1. Three hypothetica reactor types were used: plug flow reactor, mixed
batch reactor, and continuoudy gtirred tank reactor (CSTR). By comparing the measured zinc
outputs with hypothetica zinc outputs, inferences can be made regarding the solute trangport phe-
nomenawithin the waste rock.

Table 3-5 Cdculated Zn Mass Balance for Three Runs of C1

CI1R1 C1R2 CI1R3
Start moisture (%) 5.70 7.38 7.40
Start moist rock weight (kg) 3700 3767 3768
Start water weight (kg) 211 278 279
Start pore water Zn (g/kg) 16.0 111 9.70
Start Zn mass (Q) 3376 3093 2707
Water input (k) 925 50.0 36.0
Water output (kg) 25.6 48.7 27.0
Zn output (Q) 283 386 176
End moisture (%) 7.38 7.40 7.63
End moist rock weight (kg) 3767 3768 3777
End water weight (kg) 278 279 288
End pore water Zn (g/kg) 111 9.70 8.79
End Zn mass (g) 3093 2707 2531
% of Zn mass removed 8.4 125 6.5
Drainage as % of end water weight 9.2 174 94
% Zn removed per kg drainage 0.33 0.26 0.24
Notes:
1. Znmassrefersto that of dissolved Znin pore water.
2. Evaporaionisignored in the mass baance caculation.
3. Porewater Zn concentration is a bulk average except theinitia one.

It has been shown in Section 3.2 that Zn in the dissolved drainage comes from the pore water in
the waste rock and there is negligible minerd dissolution involved. Now if we assume that the flow
within the pores of the waste rock mass is via pore water displacement (equivadent to a plug flow
reector), that is, the original pore water is pushed out by the infiltrating water without mixing or
dispersion, the Zn output from the rock mass would be the product of the drainage volume and the
initid pore water Zn concentration, until al the initia pore water (211 kg) is digolaced. Since the
tota drainage water amounts only to 101 kg, the Zn output in the drainage can be caculated by this
method, which gives 410 g, 779 g, and 432 g, respectively, for R1, R2 and R3.
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If we assume the column to be a batch reactor, with each run treated as a batch reaction in which
the origind pore water and infiltrating water are fully mixed, the Zn outputs can be caculated asthe
product of drainage volume and the Zn concentration after through mixing. The results are 285 g,
459 g, and 232 g, respectivdy.

Fndly if we assume the column to be a CSTR to which the infiltrating water is continuoudy added
and from which the well-mixed solution is continuoudy discharged, & a Seady-date the Zn outputs
can be agpproximated by the formula

V,

out) p

c/

€
M =V,Coal- exp(-
e

<
o

where Vo and C, are, respectively, the tota volume of water and the Zn concentration of the well-
mixed solution at the time when drainage starts to flow at the base; and V. isthe tota volume of
drainage collected in a run. The Zn output calculated with this formulais 297, 495, and 242 g,

respectively.

The various Zn outputs are compared in Figure 3-1. The measured Zn output is far less than that
expected from the pore water displacement mechanism. This rules out pore water displacement as
apossble flow modd. This result indicates that most of the origind pore water is probably stagnant
during an infiltration event.

The measured Zn loading is dso less than that expected for a CSTR or a mixed batch reactor.
What is surprising is that the measured efficiencies of Zn remova come s0 dlose to the efficiencies
of amixed batch reactor (within 76-99% of the measured efficiencies) and the efficiencies of a
CSTR (within 73-95% of the measured efficiencies). Although the waste rock mass cannot be
likened to afully-mixed batch reactor or a CSTR in terms of conceptua structures, the data never-
theless suggest that, in a practical sense, the leaching of Zn from the waste rock mass can be ap-
proximated by leaching taking place in awd| mixed sysem. This may seem like a paradox, but the
finding is practicaly important. The implication isthat, even if we do not understand the true meche-
nism, asmple modd can be gpplied to estimate the leaching of dissolved mass from awaste rock
pile that behaves like the large columns. A criticad question of course remains What are the char-
acteridics of awagte rock pile that make it behave asif it were awell mixed sysem? Some aspects
related to this question will be briefly touched on in Chapter 4.0 .
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Figure 3-14 Comparison of Measured Zn Output with Those for Hypothetical Reactors

3.4.2 Conceptual Flow and Solute Transport Model

In Section 3.2.5 it was shown that there is no smple correlation between flow rates and concen-
trations of dissolved Zn and SO,%. Despite the large variations in the flow rates, the Zn and SO,*
concentrations say in ardatively narrow range. For example, In Figure 3- 1, theflow ratefor C1R1
ranges from 0.2 to 40 g/mir/port, arange factor of 200, whereas the Zn concentration is from 6000
to 15000 mg/L, arange factor of only 2.5.

This observation suggests that high-flow channels are not formed at the surface and channdls do not
run the entire rock bed depth. In other words, the model shown in case (a) of Figure 3-1 isinap-
propriate. This is because if case (a) were a correct modd, the flow in a large channel, having
originated & or near the surface and flowing quickly to the base, would have little chance to mix
with the origind pore water. Thiswould cause highly dilute solutions to be discharged in large chan-
nels. Asthis phenomenon has not been obsarved in the large column experiments, the modd repre-
sented by case (a) must be dismissed.
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Figure 3-15 Possible Configurations of Channel Formation

(& Single top-to-bottom main channd (b) Dendritic mode for formation of rivers and streams (€)
Dendritic-reticulate modd for channdled flow in waste rock

To explain the narrow concentration ranges despite wide flow rate variations, one needsto find a
modd inwhich al flows, whether in large channds, smdl channds, or matrix flows, have sufficient
contact and mixing with the pore water. In search of an proper moded, one can make an analogy
to the formation of rivers, asshown in (b) of Figure 3-1. Rivers are formed from branches at tribu-
taries, branches are formed by joining of streams, and streams are formed from collection of over-
land flows and ground water discharges. An adaptation of the river sysem configuretion to the
infiltrating flow within awaste rock massis show in (c) of Fgure 3-1. From its Sructure, this model
is named a " dendritic-reticulate channdling flow modd”.

In this modd, there is no large flows originating at the surface. Mgor channds are formed from
successve anagamation of smaler flows, each of the smaller flows can trace its origin to surface
infiltration from precipitation. Every pocket of water ultimately gppearing in mgor flow channels has
had plenty of contacts with the origind pore water before it joins amain channd. As aresult, the
Zn and S concentrations in large flow channd's do not differ appreciably from those in smdl chan-
nels or matrix flows. In thismode, the Zn and S concentrations of an infinitesmally pocket of water
in the drainage are dependent primarily of three variables: the tota path length (varying with the
tortuosity of the path), the totdl resdence time (a function of flow velocity and totd peth length), and
the degree of mixing (which determines the mass of solute tranferred between the pore water and
the flowing water). Since none of these three variablesis determinidtic, it follows that the Znand S
concentrations in the drainage would be random dependent variables with their digtribution func-
tions determined mainly by stochastic processes. The path length, residence time, and degree of
mixing mentioned above are the independent random variables.

Another feature of the dendritic-reticulate mode thet differs from the river syssem configuration is
the coexigtence of fine flow channds and mgor flow channels. The so cdled “fine flow channels’
cover both true smal flow channds and matrix flows (if present). The idea stems from the experi-
menta observation that flows occur not only in mgor channels, which are rdatively few, but aso
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as scattered flows a most parts of the rock bed base. Except for the initid stage when only large
channelsissued drainage, amgority of the drainage ports received flows when the drainage event
iswdll in progress. The dividing line between “large channds’ and “fine channds’ is attificid, be-
cause the flow rate in each channd fluctuates widely during a drainage event.

The fine flows featured in the dendritic-reticulate model aso help explain the rdaively high effi-
ciency of Zn removd from the origina pore water. If the fine flows were absent, dl the drainage
would be discharged at the column base by relatively few mgor channes. This would imply that
only afraction of the lower waste rock bed would be contacted by the magjor channels, resulting
in an inefficient Zn remova from the pore water in this region. This gopears inconsstent with the
removd efficiency observed.

The conceptua dendritic-reticulate channd flow modd proposed here gppearsto be able to quali-
tatively explain the experimental observations. This modd is therefore our recommended flow
mode in thisreport. We have adopted it so far to explain the observed flow phenomena and will
use it later to support our conclusions from the kinematic wave modelling exercise (Chapter 4.0

).

3.4.3 Changes in Dilution Factors

Suppose theinitia pore water Zn concentration is Cy (previoudy estimated at 16 000 mg/L) and
that the mass-weighted average Zn concentration of al column base flows for theinterva ending
atimetisC. Theratio C/C, is defined as the “dilution factor” f. Dilution factor f is numericaly
equd to the fraction of the origind pore water in the drainage weter for the time interval considered.
For pure smulated rain water that has not mixed at al with the pore water, f = 0. For pure pore
water, f = 1. In the large column experiments f varies between 0 and 1.

In Figure 3-1, the dilution factor for the three successive runs of C1 is plotted againgt the cumuletive
tota volume of water passed through the column as smulated rain. Figure 3-1 shows some inter-
egting patterns.

The dilution factors show a continuous decline from R1 to R3.

The beginning dilution factors for C1R2 and C1R3 are gpproximately equa to the ending dilu-
tions factors of C1R1 and C1R2, respectively. In other words, there is a continuity in dilution
factor between two consecutive runs.

The decrease in the Smulated rain intengity from R2 to R3 did not increase the dilution factor,
as one would expect intuitively.

The dilution factor trend in each run is different: in R1 it is a continuous, nearly linear decling;
in R2 adecline followed by a plateau; and in R3 alirregular wave.

Thereistemporary upsurge in dilution factor haf way through R3.
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Figure 3-16 Changesin Dilution Factors for Three Consecutive Runs of Column 1

It isimpossible to use the dilution factor changesto infer the solute trangport controlling mechaniams
even with the help of the conceptua dendritic-reticulate channelling modd. However, it may be
possible to use the dilution factor information in a backward direction through parameter optimisa-
tion to probe the solute trangport controls. For example, one could follow the steps below to select
amodd that best describes the dilution factor data:

First, establish saverd mathematical models that have a potentid to describe the solute trans-
port phenomena adequately.

Second, by using known input parameters and adjusting modd parameters, attempt to repro-
duce the dilution factor patterns.

Third, select the mode that best reproduces the observed dilution factor changes as the best
modd.

The modd sdected by this procedure does not necessarily reflect the true solute transport control-
ling processes. It must be vdidated independently before application to new cases.

3.4.4 Summary

Zn mass balance calculaions show that the measured efficiencies of Zn remova from the waste
rock pore weter are comparable to those of awell-mixed reactor. The transport of solute is shown
not to take place by pore water displacement. Experimenta observations lead to the propostion
of aconceptua modd - the dendritic-reticulate channelling mode . The variation in dilution factors
in three consecutive runs is shown to possess certain patterns.
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3.5 STATISTICAL ANALYSIS

In this section the satistical distributions of three variables are examined: flow rate, Zn concentra-
tion, and Zn loading. The stochastic processes possibly underlying these ditributions are briefly
discussed.

3.5.1 Flow Rate Distribution

To invedigate the satidtica digtribution of individua port flow rates, the flow ratesin dl the drainege
ports with non-zero flows are used to congtruct a histogram. One histogram is produced for each
timeinterva (there are Six to eight intervasin each run) in dl the experimenta runs of C1 and C2.
The resulting histograms are presented in APPENDIX [X.

An examindtion of the higograms reved's a predominant fegture: they are highly unsymmetrica and
skewed to the right. This reflects the experimenta observation that the total flow is conducted by
relatively few large channels and alarge number of intermediate and fine channels.

This leads one to suspect that the flow rates may obey alognormd digtribution. To verify this, the
flow rate data are transformed by teking their natura logarithm. The re-plotted histograms are dso
shownin APPENDIX 1X. With afew exceptions, the new histograms are now symmetrica and
have the bell shape characterigtic of the norma distribution.

Lognorma digtribution is one in which the log-transformed data distributes normally. If we use x
to represent the untransformed variable (e.g., flow rates), the digtribution of x is described by the
probability dendty function

) 1(a;énx— mgz
28 s ¢
e e ]

1

f =
9 2ps X

where misthe populaion mean and s the population standard deviation of the log-transformed
vaiadley = Inx. The maximum likelihood estimates (MLE) for mand s from a sample are given

by
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S
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wherex, i =1, ..., n, ae observed valuesin asample of sizen.
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To test whether the flow rate data obey lognorma distribution, the last two formulae are used to
computethe MLE'sof mand s, which are used to cdculate the lognormd dengty function f(x). The
f(X) isthen superimposed on the higogramsin Figure 3-1.

The histograms agree with the f(x) of the lognormal digtribution reasonably well. The deviation of
some higtograms is most probably aresult of insufficient data used to plot the higograms. Thisis
a congraint imposed by the experimenta design because there are only 37 drainage ports. Thus
the maximum number of flow rate data for any given time interva is 37. From Fgure 3-1, it is
concluded that the lognormal distribution gppropriately describes the flow rate data.

Figure 3-1 reveds that, as the drainage event progresses, the lognorma distribution shows in-
creased peakedness, whereas the location of the mean shiftsto the left. This means that both the
range and the mean of flow rates decrease as the drainage event proceeds. The lognorma distribu-
tionsfitted to the experimentd data a varioustime intervas for C1R1 are compared in FHgure 3-2.
For a discusson of lognormal distribution and random processes the reader is referred to Ott,
1995.

What random process underlies the observed lognormd distribution of flow ratesis unclear. To
clarify this requires further theoretical and experimenta work. Generdly speeking, the lognormal
digtribution characterises arandom variable that shows very few occurrences of very high vaues.
This seemsto fit the profile of theindividud port flow rates when channelling is present.

3.5.2 Zinc Concentration Distribution

As pointed out earlier, dl zinc concentretions are interva-averaged. In examining the Satistica
digtributions, al zinc concentrations have been normalised to the initial pore water zinc concentra-
tion of 16000 mg/L. The reative Zn concentration so obtained is termed “dilution factor”.

The dilution factor data have been subjected to the same scrutiny as that gpplied to the flow rate
data. Figure 3-3 exhibits the comparison between the histograms constructed using standardised
dilution factors and the fitted standard normal distribution for C1R1. The standardisation of the
dilution factors is achieved by the formulae

n

ax s=——a-x’

o 1
X = _
i=1 n-1i

where n isthe number of concentration samplesfor any given timeinterva; X is the concentrations;
X isthe mean of concentrations; and s is the sample standard deviation.
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Figure 3-17 Experimental Flow Histograms vs. Lognormal Distribution for C1R1
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Figure 3-18 Lognormd Didributions Fitted to Experimenta Datafor C1IR1

Figure 3-3 shows that, unlike the flow rates which digtribute lognormally, the sandardised dilution
factor hiograms agree well with the sandard normd digtribution. It is therefore conduded that the
zinc concentrations obey anormal distribution. In comparison, Morin et d. (1995) found that the
dissolved copper concentrations recorded over 10 years at the now-closed Bell Mine, Noranda
Inc. display alognormd distribution.

Aswith the case of flow rates, the congtruction of the dilution factor hisograms is subject to the
condraint of the experimenta design.

Fgure 3-4 illudrates how the dilution factor (non-standardised in this case) didribution varies within
one run (C1R1) and among three runs (C1R1, C1R2, C1R3). Within one run, with the progress
of adrainage event, the didtribution tends to shift towards the left (more dilution of the initid pore
water) whereas the slandard deviation decreases (narrower dilution factor ranges). For successive
runs, the dilution factor digtributions for a given time interva dso shift to the Ieft but, unlike within
one run, the distribution becomes more widespread.

The centrd limit theorem States that the distribution of the mean of samples with n observations,

X ., which itsdf is arandom variable, goproaches norma distribution asn = ¥, regardless of the
digtribution of the parent population. More generdly, a normd distribution can be produced by
random sum processes. The sum of n mutualy independent random variables (caled a random
sum) will have anormd didribution when n = ¥, regardless of the kinds of distributions of the n
independent random variables.

The random sum process may be the stochadtic process underlying the observed normd didtribution
of zinc concentrations. To verify this however, requires further experimental and theoreticd work.

-94-



50%
a5% | CG1B1 b __
a0% 4 E=R30mIn 1 ] O Beaeed

e Std Normal

-1

0 1 2 3

40% 1

gZS%-

R

45% +

20%
15% 1

Standardized Dilution Factor

o by

| ww=Std Normal |

-3 -2

-1

0 1 2 3
Standardized Dllution Factor

Standardized Dilution Factor

Figure 3-19 Experimental Dilution Factor Histograms vs. Standard Normal Distribution
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Figure 3-20 Variations of Dilution Factor Distribution within One Run and between Runs

-96 -



3.5.3 Loading Distribution

In the previous two sections flow rate and zinc concentration are found to be appropriately de-
scribed by the lognorma and the normad digtribution, respectively. Since zinc loading is the product
of flow rate and zinc concentration, can the reationship between the distribution of Zn loading and
those of flow rate and Zn concentration be deduced? The answer is negative. According to the
probability theory, if X and Y are two independent variables obeying two different digtributions, the
digribution of athird random varigble Z = X*Y cannot be obtained from the didributions of X and
Y.

To find the digtribution of Zn loadings in different drainage ports, the same andytica techniques as
those used for flow rates and Zn concentrations are gpplied. The resulting histograms and fitted
digtributions are shown in Figure 3- 1. It turns out that the Zn loading digtribution is also approxi-
meately lognormdl.

Since the flow rate range is much wider than the zinc concentration range, the loading distribution
is dominated by the digtribution of flow rates, which islognormd. This can be understood through
the following andyss Let X be the random variable representing the flow rate and Y the random
variable representing the Zn concentration, and assume they are independent of each other (asis
probably the case in this study). Then Z = XX is the new random variable representing the Zn
loading. Sincethe variationin X isfar greeter thanthat in Y, Y can be approximately treated asa
constant and instead of arandom variable. Z then becomes a product of arandom variable and a
congtant and has the same digtribution as X, which islognormd.

Figure 3-2 shows the variation of the lognormd digtributions fitted to the experimenta Zn loading
data. Understandably, the pattern of variation is Smilar to that for the lognormd distributions fitted
to the flow rate data.

3.5.4 Summary

The flow rates and the zinc loadings in individuad drainage ports were found to be approximated
adequately by the lognorma digtribution. Theindividua port Zn concentrations are however didtrib-
uted gpproximately normdly. Zn loading is a product of flow rate and Zn concentration. As such
the loading digtribution is dominated by the flow rate distribution snce flow rates vary much more
widdy than Zn concentrations.

The digributions of flow rates, Zn concentrations, and Zn loadings can be treated as either determi-
nidtic digtributions (like a particle sze digtribution) or probabilistic digtributions (like the digtribution
of arandom variadle). Which gpproach to take depends on the circumstances. Generdly spesking,
since the large number of individud flow rates under afield waste rock pile areimpossible to meas-
ure, treating these digtributions probabiligticaly makes the most sense.
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Figure 3-21 Experimental Zinc Loading Histograms vs. Lognormal Distribution
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3.6 CONCLUSIONS

Geochemistry

The emphasis of data anadlys's was placed on the mechanisms controlling the concentrations of
dissolved congtituents in the drainage. Experimentd results suggest that the concentrations of Ca,
Pb, and Al are solubility-controlled by gypsum, anglesite, and jurbanite, respectively. Solubility
control does not exit for dissolved Zn, Fe, and SO,*. Rather, the variationsin Zn, Fe, and SO,*
concentrations can be satisfactorily explained by a dilution hypothesis. The hypothess Sates that
these concentrations and the pH in the drainage are aresult of successve dilutions and/or intermix-
ing of various-gtage dilutions of the origind pore water, subject to the regulation by redox reections
and goethite precipitation. All soluble zinc seemsto be stored in the pore water, and dissolution of
zinc-containing mineras does not contribute Sgnificant zinc to the drainage. The zinc loading in the
drainageis primarily determined by the Zn masstrander that occursin the dilution and mixing proc-
€SSes.

Hydrology

Channdlling is an ubiquitous phenomenain the waste rock studied. Large channels representing a
very smdl fraction (< 5%) of the total drainage areaat the base of the rock mass conduct a sgnifi-
cant fraction (~ 20-30%) of the totd drainage flow. Intermediate channds account for 20% of the
base drainage area and carry ~ 40% of the total flow. About 50% of the drainage area has back-
ground or matrix flows and carry 30-40% of the totdl flow. Nearly 30% of the base area does not
intercept any flow. Channdling is more pronounced in the earlier sages of drainage events. During
adranage event, the drainage flow didribution is highly heterogeneous a the beginning of the drain-
age event, but tend to become more homogeneous as the draining process progresses. Channel
gability and internd channe stability are defined and found to be influenced by severd varidbles
related to the rock bed properties and smulated rain properties.

Solute Transport

Zn mass baance caculaions show that the efficiencies of Zn remova from the pore water are
comparable to those of wel-mixed systems. The transport of solute is unlikely to take place by
pore water displacement. Experimenta observations lead to the proposition of a conceptua model
- the dendritic-reticul ate channelling modd.

Saidicd Andyds

The individud port flow rates and the zinc loadings were found to goproximately obey the lognor-
mad digtribution. The individua port zinc concentrations are however didributed approximatdy
normdly. The digtribution of zinc loadings is dominated by the digtribution of flow rates, Sncethe
flow rate vary much more widely that the zinc concentration.
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3.7 POTENTIAL BENEFITS AND FUTURE WORK

3.7.1 Potential Benefits

The observations and findings in this chapter are specific to the partidly oxidised Stratmat waste
rock sample used in the experiments. Nevertheess, the following benefits can be envisaged.

The results can be usad to hep understand how channdlling phenomenainfluence water quality
and contaminant loadings from field waste rock piles. Thismay lead to improvement in ARD
prediction for waste rock piles.

The results may be useful in deriving theoretica representation and performing mathemeatical
moddling of channdling phenomenain smilar materias, as will be discussed in Chapter 4.0

Therock sample usad in the experiments is Smilar to materids in hegp leach piles Thefindings
in this study may be used to understand and optimise hegp leaching operations.

The results may be used to help understand and model the responses of leached heaps to
decommissioning methods based on rinsing, Such information is vauable in evauation, selec-
tion, and design of decommissoning measures.

The results may be helpful in evaluating the practicdity of passvation of acid generding wastes
by application of solutions bearing passivating agents.

3.7.2 Potential Future Work

Wadte rock piles are complex sructures congsting of different parts of vastly differing hydraulic
(flow) properties. The present understanding of the hydrology and solute transport in waste rock
pilesis poor. Better understanding of a field waste rock pile requires better understanding of its
components. The present large column study examined but one kind (hydraulically spesking) of
rock materid that may exist in a field waste rock pile. The findings would be gpplicable to the
regions of awadgte rock pile conssting of a hydraulically smilar materid. More studies using other
types of rock materids found in field rock piles are needed. Once one understands the behaviour
of many kinds of rock materiasthat comprise afield rock pile, he can develop modesto predict
the flow and trangport behaviour of the fidd pile, provided that the composition of the field pileis
known, ether deterministically or probabilisticaly.
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3.8 SUGGESTIONS FOR FUTURE EXPERIMENTERS

Based on our experience in conducting the large column experiments, the following suggestions for
improvements are offered to researchers who are interested in carrying on smilar experiments. It
is redised that these improvements requires investments of great financid and human resources,
which have to be judtifiable by the research objectives.

Fird, the time resolution of the experiment may be increased. As mentioned in Section 2.6 ,
the present experiments were carried out in a* batch mode’ and consequently generated “ batch
data’. However, from the point of view of quantifying the interna geochemicd, hydrologic, and
solute transport processes and of modelling these processes, instantaneous datawould be pre-
ferred. Examples of instantaneous data are instantaneous flow rates, instantaneous e ementa
concentrations, instantaneous pH, etc., which are measured on the drainage at the moment of
exiting the waste rock bed. It is recognised that truly instantaneous measurements are imposs-
ble to make; the word “ingtantaneous’ as used in this context is taken to mean measurements
meade in very short time intervas, such as seconds, ingtead of the 30 min to severa hours used
in this study. Callection of ingantaneous data would require e aborate instrumentation and ex-
perimental design which enable the measurements of physicochemica parameters on tiny quan-
tities of solution. The benefits of better time resolution are more accurate hydrographs and che-
mographs for both individua port and the whole-column, which provide the basic data for
mathematica moddling.

Second, the spatid resolution of the experiment may be improved. The drainage partitions at
the base of the rock bed may be made smdler. The benfit of thisis amore accurate measure-
ment of the cross-sections intercepting flow channels and better resolution in differentiating
closdaly-gpaced flow channdls.

Third, the scae of the experiment may be enlarged. The benefit of thisis to increase the experi-
ment’ s representativity of the REV.

Fourth, the method for identifying “breakthrough time” may be refined. The identification of
drainage breakthrough in the present study had a degree of arbitrariness and only one bresk-
through time was desgnated for al drainage ports. To improve the accuracy of individud port
hydrographs and chemographs, the drainage breakthrough should be identified separately for
eech individud drainage port as the time when solution gartsto flow in that port. The identifica-
tion of these individud breskthrough times would require ingrumentation cgpable of monitoring
flow continuoudy in every drainage port.
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4.0 HYDROLOGIC AND SOLUTE TRANSPORT MODELING

4.1 INTERNAL STRUCTURE OF WASTE ROCK PILES

Discussons of theinterna structure of waste rock piles are available dsawhere (eg., Morinet d.,
1991; Smith et a., 1995) and will not be repeated here. The purpose of this section isto discuss
the basic component structures of waste rock piles.

4.1.1 Channelling Flow Rock and Porous Media Flow Rock
4.1.1.1 Claificaionsand Explanations

In this report, waste rock is classified into two categories according to the driving force for the
flowsin them: (1) channdling flow rock, in which the dominant driving forceis gravitationd potential
aone, and (2) porous media flow rock, in which the dominant driving forces are gravitationa po-
tentia and capillary potentid. What driving force dominates is predicted from the properties of the
wadte rock. In this sense, the waste rock classification is made entirely on the properties of the
waste rock.

It is recognised thet the flow regime (i.e.,, channdlling flow or porous mediaflow) in agiven waste
rock may be determined by factors other than the properties of the waste rock done, such asthe
flow flux. For example, the flow regime in a.given wagte rock may be channdling flow a alow flow
flux, but it may become porous media flow when the flow flux is greatly increased. This argument
implies that the classification method proposad here may not be determinidtic. To rectify this Stua-
tion, we limit the scope of applicability of this classfication scheme to the conditions of unsaturated
flows in waste rock structures, such as those that prevail in typica mining waste rock piles and
dumps.

The term “porous media flow” used in this report is defined as the flow that is governed by R-
chards equation (see Section 4.1.1.3 ). It isrdaive to the term “ channdling flow”, which cannot
be described by Richards equation at all.

Under unsaturated flow conditions prevailing in typica fidd waste rock piles, a*“channdling flow
rock” would conduct infiltrating water by means of channd flows, whereas a* porous media flow
rock” would conduct infiltrating water by means of “ porous mediaflows’ as governed by Richards
equation. Thisis the whole intention of the waste rock classfication proposed here.
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4.1.1.2 Channdlling Flow Rock

Channelling flow rock (CFR) is defined as a broken rock aggregate materid in which unsaturated
water flows are driven by gravity done and are not subject to capillary forces.

It isimpossible to predict the unsaturated flow of water within CFR at the microscopic (particle)
level from fundamentd principles of physics, mainly due to the complexity of the many forcesre-
ggting the flow (for proof see APPENDIX X). On the macroscopic (particle aggregate) leve,
today's science has not found an empirica law (analogous to Richards equation in unsaturated
porous media flows) that governs the unsaturated flow of water within CFR. Consequently, the
sudy of unsaturated flows in CFR is without the help of quantitative laws. At the present time,
quantification of such flows must rey on stochastic gpproaches.

The modes of water flows and water retention on individual CFR particles have not been studied
extengvely. They are probably smilar to those on the particles in atrickle bed reactor, depicted
in Fgure 4-1 (Ng and Chu, 1987). Apparently, which mode of flow dictates on a specific rock
particle would depend on a suite of parameters, including the particle Size, particle shape, surface
roughness, surface dope, flow rate, recent wetting history, and ways of contact with neighbouring
particles. The relationship between different flow modes and water retention modes on individua
CFR particles and the macroscopic phenomenon of channelling has not been addressed in the
literature.

LIQUID POCKET

RIVULET

(O

PENDULAR
STRUCTURE

LIQUID FILAMENT
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Figure 4-32 Modes of Water Flow and Retention in Trickle-Bed Reactors
(after Ng, 1987)

4.1.1.3 Porous Media Flow Rock

Porous media flow rock (PMFR) is defined as the broken rock aggregate materia in which the
unsaturated flow of water is driven by soil-water potentid and is governed by Richards equation:

1é fvu Té fyu T6é Ty i _ 1Y%
— K —~ +— A L+ — K + = =Cy )=
P 8V )ty 90 ) ﬂZgz<y>§'i 37O

where
X, Y, Z, t are gpatia and time co-ordinates,
Ky ), Kfy ), KAy ) aredirectiond hydraulic conductivity as afunction of capillary pres-
surey , and
C(y) = To/fly isthe specific moisture capacity.

Since soil-water potentia congsts of gravitationd potentia and capillary potentid, unsaturated flows
in PMFR are driven by both gravitationd forces and capillary forces.

Due to the presence of a quantitative law, it is much easier to modd flowsin PMFR than to model
flowsin CFR. Channdling effectsin a predominantly PMFR are weak and can often be neglected.

4.1.2 Particle Size Boundary between CFR and PMFR

Particle size is usad to differentiate channdling flow rock (CFR) from porous media flow rock
(PMFR) as defined previoudy. For the smple case of single-size rock particle aggregates, the
boundary that separates CFR from PMFR is the particle Sze greater than which the capillary po-
tential becomes negligible. Interpretation of the results of Elboushi (1975) indicates that capillary
water retention sarts to take effect at asize of about 10 mm and becomes fully effective at about
0.2 mm. “Fully effective’ here means that water would not flow before the moiture content of the
rock particle bed reaches its water retention capacity. Therefore, hiswork suggests that the grain
Size boundary for single-size rock particle aggregates could be 10 mm.

The particle 9ze boundary of 10 mm derived for Sngle-sized particles can probably be safely ex-
tended to multi grain Sze aggregates asfollows: rock particle aggregates with aminimum grain size
of about 10 mm are CFR,; rock particle aggregates with a maximum grain size of about 10 mm are
PMFR.

In redigtic broken rock materids whose particle size ranges from well below 10 mm to well-above
10 mm, the differentiation between CFR and PMFR becomes difficult. The CFR and PMFR can
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probably be taken as having smilar meanings asthe “rock-like” and “ soil-like’” materids referred
to by Smith et d. (1995). Therr literature survey results indicate that the boundary between *rock-
like' and “soil-like’” maeridsis 10-30% sand (-2 mm) content. Unfortunately, this*“boundary” itsdf
encompassss afairly wide range into which many rock materiasfdl into, and thus cannot be dass-
fied as either category.

To extend the 10-30% sand content criteriafor differentiating CFR and PMFR, one can apply the
following rules

Rock materials with less than 10% sand content are CFR.
Rock materids with greater than 30% sand content are PMFR.
Rock materias with sand content between 10-30% cannot be classified as ether.

The Stratmat waste rock used in the large column study has an overdl sand content of 20%, which
unfortunately makes it an unclassifiable materid according to the above rules. From the evident
channelling effects observed in the experiments, the author isinclined to dassfy this materid asa
channdling flow rock, athough it may be only margindly so.

The classfication rules above are meant for well-blended rock materias, not materids that are

segregated. In addition, other physical properties of rock materials may affect their classification,
thus these rules are not absolute and should be applied with discretion.

4.1.3 Basic Component Structures of Waste Rock Piles

Field waste rock piles are complex structures, and are normally macroheterogeneous. In this sec-
tion, we attempt to show that al waste rock piles may be partitioned into regions having one of the
five basic rock structuresillugtrated in Figure 4-1:

a Continuous channelling flow rock (CCFR), which isawel mixed CFR.

b. Porous media flow rock pocket suspended in continuous channdlling flow rock, or
PMFRP/CCFR, where the CFR has continuity whereas the PMFR pockets are isolated.

C. Channelling flow rock pocket suspended in continuous porous media flow rock, or
CFRP/CPMFR, where the PMFR has continuity whereas the CFR pockets are isolated.

d. Continuous porous media flow rock (CPMFR), which isawdl-mixed PMFR.

e. Low permeshility plate or pan (LPP), which is alaterally-spreading thin stratawith a very
low hydraulic conductivity.
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Figure 4-23 Five Basic Component Structures of Waste Rock Piles

Of these five basic component structures, CCFR and CPMFR are mesoheterogeneous, whereas
PMFRP/CCFR, CFRP/CPMFR, and L PP are macroheterogeneous. Various combinations of the
five basic component structures can occur in field waste rock piles. In some cases one or two may
be dominant; in other cases dl five may coexigt in different regions.

PMFRP/ICCFR is actudly a smal CPMFR dispersed in background CCFR, whereas
CFRP/CPMFR isasmdl CCFR dispersed in background CPMFR. When the pockets become
large in extent, they should be treated as CPMFR and CCFR, respectively.

CCFR dructures are normdly formed in one of two ways. direct deposit of CFR and Sze segregee
tion when waste rock is constructed. PMFRP/CCFR and CFRP/CPMFR structures could result
from load-to-load or blagt-to-blast variations of the waste rock materid and lack of blending.
CPMFR normaly results from direct dumping of well blended fine rock. It could aso be the upper
layer product of sze segregation.

LPPisusudly aresult of mining traffic compaction a successive lift surfaces and access ramps. It
could aso be due to other causes such as rapid physical and chemica westhering of surface rock,
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chemicd precipitation, and cementation (hardpans). LPP's are normally horizontal structures but
can dso be angled and bulky. For arock materid to qudify as LPP, its saturated hydraulic conduc-
tivity should be smaller than 10 - 10° cnv's. In other words, if on surface it should be able to cause
ponding or runoff for a precipitation such as a 24-hour, 100-mm raingtorm. Without heavy com
paction, chemicd precipitation, or cementation, normal blasted waste rock originating from open-pit
mining usudly cannot meet the threshold of LPP, and thisis true even for the segregated fines.

4.1.4 Factors and Processes Influencing Flows in Component Rock Structures
4.1.4.1 Continuous Channelling How Rock

In CCFR, flow heterogeneity in the form of channdling would be amain fegture. Quantitative laws
describing flowsin CCFR have not been established. Hence channdlling is normally studied empiri-
cdly with Satigtica or sochastic gpproaches. The main reasons causing channelling probably in-
clude, determinigtically,

uneven rain water distribution at the surface,

the tendency of water flow to follow the lowest resistance route,

the tendency of fluid to form “rivulet” or “filament” flows rather than “film” and homogeneous
bulk flows due to the surface tenson of water and hydrophobicity of some rock particles,

and stochadticdly,

“random walk” due to the random arrangements and random contacts among channdling flow
rock particles,

“random umbrdla effects’ (Figure 4-1) due to the presence and random locations of large rock
particles (boulders and large pebhbles).

Important factors influencing the flow in CCFR include its shape, orientation, spatia extent, Sze
digtribution, Size segreggtion, €tc.

Presently, flowsin CCFR are principaly modelled with the following gpproaches:

kinematic wave gpproximation

stochastic processes

chemica engineering gpproaches (reactor in series, reactor in series with dead spaces and/or
recirculation, Turner's flow structure, etc.)

others

- 108 -



4.1.4.2 Continuous Porous Media How Rock

Unsaturated flows in CPMFR beongs to the well-established domain of unsaturated flowsin sails,
which is quantitatively described by Richards equation, with the addition of “umbrella effects’
(Figure 4-1) due to the presence of isolated large rock particles. The study of thisrock relies on
the determination of the inter-relationships among moisture content, soil-water potentia (or pres-
aure), and hydraulic conductivity.

Important factors influencing unsaturated flows in CPMFR include its shape, orientation, spatid
extent, sructura heterogeneity due to Size segregation and lack of blending.

Modeling of unsaturated flows in CPMFR can be done using the Richards equation, kinemétic
wave theory, and others.

4.1.4.3 Porous Media Flow Rock Pockets and Channelling Flow Rock Pockets

PMFRP/CCFR produces the *“ sponge effect” (Figure 4-1): when flow channels are intercepted by
aporous media flow rock pocket, the pocket absorbs water at arate that can be described by the
theory of infiltration developed by Philip (1957). If the totdl channd flow rate is greater than the
infiltration capacity of the pocket, part of the channd flows will run off and around the pocket and
cary on asasmadler channd flow underneath the pocket. If the channd flow rateis smaler than
the infiltration capecity of the pocket, the entire channd flow would be used to recharge the mois-
ture in the pocket. After that drainage will appear a the bottom of the pocket and continue as a
channel flow. Unsaturated flows in PMFRP/CCFR can be moddled as those in CCFR with a
provison to ded with the sponge effect.

CFRP/CPMFR causes a*“bubble effect” (Figure 4-1). Moisture movement in the continuous po-
rous media flow rock tends to avoid entering the channdling flow rock pocket and migrates around
it because the CPMFR is & alower soil-water potentid than the CFRP due to capillary action. This
creates a“bubble’ devoid of water flows in the pocket. The bubble effect will cause the weter flux
to rise in the areas surrounding the pocket because of the reduction in the cross-sectiond area
available to flows. Unsaturated flows in CFRPICPMFR structures can basicaly be modelled as
those in CPMFR with provisons to ded with the bubble effect.

4.1.4.4 Low Permeability Pans (Plates)

The main effects of LPP sare asfollows:
On the surface and in the interior of a waste rock pile they cause re-digtribution of the rain
water or infiltrating water into amuch more uneven pettern through “running off”, “blanketing”,
“funndling’, and “day-lighting” (Figure 4-1), contributing to the occurrence of strong channdling
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effects.

LPP s reduce the proportion of total precipitation infiltrating into the waste rock pile by incur-
ring surface runoff and day-lighting, and by increasing evaporation through surface ponding of
water.

Ponding and perched water tables retard the flow of water through the pile (i.e,, flattening of
the drainage hydrograph).

LPP sterminate and re-initiate flow channels by blanketing and funneling.

No modelling efforts have been documented in the literature to account for the presence of LPPs.
The difficulty liesin the mapping of LPPsin the waste rock pile, which is practicadly impossble to
dointhefidd.

The overwhelming feeture of LPPsis the redistribution of water on the surface and in the interior
of waste rock piles. This must be taken into consderation for redlistic modelling of unsaturated
flowsin field waste rock piles. When detailed mapping of LPPsis unavailble, the appearance of
LPP's can probably be treated stochastically.

Umbrella effect Sponge effect

Ponding Runof

u¢ ¢¢ ¢ aylighting "'_‘ﬂ \eing

Water redistribution

Fgure 4-24 Some Flow Processes in Waste Rock
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4.1.4.5 Summary

The main factors and processes influencing unsaturated flows in the five basic component structures
of wagte rock are summarised along with their effectsin Table 4-1. Modelling approaches instead
of specific models are indicated in the table with representative references.

4.1.5 Field Waste Rock Piles

The number of waysin which the five basic sructures are combined in the fidd to form waste rock
pilesis unlimited; so are the kinds of waste rock pile configurationsin the field. On the other hand,
any exiging field waste rock pile can be decomposed, theoretically, into uni-gructurd regions using
the five basic component structures. Figure 4-1 shows atwo-dimensiond example (in practice this
would bein 3-D). The difficulty in doing so is usudly the lack of necessary data, which can be very
expensve to gather for complexly-structured waste piles. An dternative isto lower the accuracy
requirement and decompose the waste rock pile gpproximately with exigting information and the
help of the mining engineer who has constructed the waste rock pile.

Once awaste rock pile is decomposed, there are anumber of ways to proceed with flow modelling
and solute transport modelling. If the decomposition shows that the waste rock pile is dominated
by one basic sructure, the whole pile can be modelled according to the main processes and factors
for that basc structure (Table4-1). If the decompostion shows that the pile is a complex assembly
of severd basic structures, one can

Modd it using the detailed decomposition. In this case, each basic structure region hasto be
separatdly modelled and logicdly linked. This exercise could become very complicated and the
linking between different regions may not aways be achievable.

Simplify the decomposition until an acceptable compromise is reached between the modelling
effort and result accuracy or until the complexity is handlable. This can be done by dropping
the less important details of the decompaosition. Moddling can then proceed with the smplified
version of the waste rock decomposition.
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Figure 4-25 Decomposition of a Waste Rock Pile into Basic Component Structure Regions
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Table 4-1 Factors and Processes Affecting Flows in Basic Waste Rock Structures

Basc Feature Quantitative Potentialy Applicable Modelling
Structure | Main Processes and Factors Effects Governing Law | Modelling Approaches | Approach Reference
Processes. surface and internal water
re-distribution, gravity flows by least Kinematic wave theory | Germann, Smith, Singh
resistance routing, random walk, um- Chemical engineering Levenspid, Dixon, Ng
brella effects . Stochastic Gelhar, Erriksson, Schlitt
CCFR Factors. shape, orientation, spatial - Channelling None Statistical Gelhar
tent, size distribution, size segregation, Geostatistical Gelhar
rock physical and chemical properties, Fractal
rain characteristics
Processes: processes for CCFR, proc- | Channel termination Those for CCFR with
E’EF': RPIC esses for CPMFR, sponge effect and re-initiation gi&elzas for provisions for sponge Same as for CCFR
Factors: factors for CCR and CFR Retardation of flow effect
Processes: processes for CPMFR, pro- .
CFRP/ cesses for CIZDCFR, bubble effect P Increased flow flux Same as for Thosie'for ?P'vtl)FbRbIWIth Sam for CPMER
CPMFR | Factors: factors for CPMFR and around CFRP CPMFR provisions for bubble castor
effect
CCFR
Processes: unsaturated flow in soils,
umbrella effect Richards Richards' equation Soil science textbooks
CPMER Factors: shape, orientation, special Lack of significant eguation Kinematic wave theory | Singh
extent, structural heterogeneity, rock | channelling Philip'sinfiltra- | Stochastic Gelhar
physical and chemical properties, rain tion theory Statistical Gelhar
characteristics
F_>roc_esses: pono_ll ng, runoff_, day- Water re-distribution, D_ar cy's I‘aw ” :
LPP lighting, bIanketmg, fun!’lellmg . channel termination Rlchards equa | LPP pos_tlon mapping None
Factors. shape, orientation, specia and re-initiation tion Stochastic positioning
extent, position, hydraulic conductivity Philp's theory
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4.2 MATHEMATICAL REPRESENTATION

4.2.1 Channel Flows
4.2.1.1 Cumulative Digribution Function and Dendty Function of How Dengty

Suppose awaste rock pile isintercepted by an imaginary horizontal plane a an arbitrary depth z
below the pile surface (whichisa z = 0, Fgure 4-1). Imagine that the plane has on it apre-drawn
square grid defining many equal squares of side lengths Dx, Dy where Dx = Dy, and area DA =
DxBy. The area of intersection of the waste rock pile by the planeis A, and the tota number of
squaresin theintersection isN = A/DA.

During a drainage event, at timet, the flow rate of water across an arbitrarily selected square on
the planeis Q(zt), and the total flow rate across the entire planeis Qr(z, t). The relative flow rate
across the square is Qr(z,t) = Q(z,H)/Q+(z, t).

The volumetric flux, or flow density, of water across the squareis defined as q(z,t) = Q(z,t)/DA
= Q(z,t)/(DxBy). The relative flow density of water across the same square is defined as gr(z,t)
= Qr(z)/DA = Qr(z1)/(DxBy).

Now for agiven vaue of q(z;t) T [Gmin, Omad, We count the number of squares across which the
flow dengty isless than or equa to g(z,t) and suppose that number isn[q(z,t)]. It isafunction of
g(zt). The function

. > X

4

N

Z

Figure 4-30 Smplified Representation of Waste Rock Dump
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is defined asthe cumul ative flow density distribution function, or CFDDF-. Itsinterpretation can
be stated as one of the following three, which are equivaent:

It gives, for any vaue of g = (, the number of squares as a percentage of the total number of

squares that carry aflow dendty lessthan or equa to .
It gives, for any value of q =, the areaas a percentage of the totd area A that carries aflow

density lessthan or equd to g.
It gives, for any value of g =, the number of g vaues as a percentage of the tota number of
g valuesthat are lessthan or equd to g

Holding z and t congtant and solve for g in F(g,z,t), we obtain the inverse function of F with repect
toq,

q(F.zt)=F,(a,z1) Equation 4-2

The meaning of q(F,zt) isthis for any given percentage of the tota area F, q(F,zt) gives the flow
dengty such that al the flows that have a flow densty less than or equd to that occupy a percentage
of the total areaequal to F.

The dendty function of flow densty, DFFD is defined as

f(g,zt) = JECEA)) = a Equation 4-3
Tiq A4 Iz, t=constant

Apparently, we have

F(g,zt) = @q f(t,zt)dt Equation 4-4
F(a,,z,t) - F(q,zt) = (i f(a,zt)dg q,>q Equation 4-5
F(Om 2t) = qu f(g,zt)dg=1 Equation 4-6

The meaning of f(g,zt) isthat, at time t and depth z, the percentage area across which the flow
dengity iswithin avery smal interva of dq centred around q isf(q,z,t)dg.
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It follows thet the totd flow rate across the plane at depth z and time't carried by flows having flow
densities between g, and ¢, is

Qlal [a.,9,],zt)= A(‘izq f(0,zt)dq Equation 4-7
Thetota flow rate across the plane at depth z and time t is
Qr(zt)= A(:sm af (g,z,t)dg Equation 4-8

which for z = z (the height of the pile) gives the base drainage hydrograph.

Thetotal drainage flow discharged from the waste rock pile during the drainage event is given by
V, = ACS (‘Sm af (9, z,,, ,t)dqdt Equation 4-9

where T isthe duration of drainage discharge.

The percentage of totd drainage flow rate Qr(z,t) accounted for by dl the flows having flow densi-
tieslessthan or equd to g, denoted by s (q,t), isgiven by

a
T At f(t,t)dt
Q(al [0qlt) _ Qtf(.D Equation 4-10

)=
B0 O~ af(a,t)dg

where the variable z is dropped because only bottom drainage is consdered, z=z=congtant. We
can plot the function s (q,t) = s (Fy(Q.t).t) = s (q(F.t),t) = s (F.t) on as-F plane asaway of ex-
pressing channdling phenomena This plot shows the percentage of the totd flow carried by dl
flows having aflow dengty less or equd to g againgt the percentage of totd drainege areacarrying
flows having flow densties less than or equd to g. Figure 3-1 isaplot of thiskind (abet the flux
isaranged in reverse order and the z fluxes are disregarded).

The above discusson shows that the DFFD or CFDDF totdly characterise the channelling phe-
nomena during a drainage even.
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4.2.1.2 Vaiables Affecting DFFD

Since channdling is a very complex phenomenon, the density function of flow dengty (DFFD) is
affected by many factors. This can be expressed in the following form:

f(q,zt) = f(p(x, y,1), E(x, y,1), RO(X, y, 1), PO(x, y,1), R(X, ¥, 2),G,S(x, Y, 2),F, T, P)

Equation 4-1

where

- pxy.t) istheinput function for the precipitation prior to adrainage event. If therainis atidly
homogeneous on the waste rock pile, p(x,y,t) = p(t), which istermed a hyetograph. If therain
is Seady over time (i.e. a square pulse hyetograph) such asin the large column tests, p(t) =
congtant for 1 [0, tmad, the duration of the precipitation.

- E(xy,t) isthe evaporation function and can normally be ignored due to its smal effects.

- RO(x,y,t) isthe runoff function and should be considered when surface L PP's are widespreed.
Otherwise it can beignored.

- PO(x,y,t) isthe surface water ponding function and should be consdered when surface LPP's
are widespread. Otherwise it can be ignored.

- R(Xy,2) istherock property function which lumpstogether al rock propertiesinfluencing chan-
ndling effects.

- Gisthe geometry function of the waste rock pile

- Sxy,2) istherock pile structure function that describes the type of basic component structure.

- Fisfluid property function and for water the effects of this factor can be disregarded.

- T isthetemperature function and is often ignored.

- Pisthe ambient pressure function and is often ignore.

After ignoring unimportant factors and making some reasonable assumptions, Equetion 4-1 can be
redigicaly smplified to

f(q,zt) = f(p(t), RO(X, y,t), R(X, ¥, 2), (X, Y, 2)) Equation 4-2

For an exiging waste rock pile, R(x,y,z) and S(x,y,z) are fixed and do not vary within a short pe-
riod of time, the above equation reducesto

f(a.2t) = f(p(t), RO(X, y,1)) Equation 4-3
For typica waste rock piles, the surface is permeable and RO is normaly zero, then

f(a.zt) = f(p(t)) Equation 4-4
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Rewriting the functiona form and consider only bottom drainage,
f(at) = f(P@), Ze ) Equation 4-5

That is, the bottom drainage channdlling is a function of precipitation. For an existing pile Zx IS
fixed, we have

f(a.t) = f(p()) Equation 4-6

That isto say that the channdling phenomenafor an exiging dump is primarily afunction of precipi-
tation alone.

When we generdly study how channdling effects vary from one waste rock pile to another, we
must use the functiond expresson of Equation 4-1.

4.2.1.3 Experimental CFDDF and DFFD

The CFDDF and DFFD are defined on the basis of Dx—>0 and Dy—> 0, whichisimpractica to test
experimentaly. Experiments must be designed to use finite Dx and Dy and in such a case the
CFDDF and DFFD derived from experimentd data are approximations. This gppliesto the large
column experiments reported here.

The datafor Column 1 Run 2 (C1R2) were selected to derive CFDDF and DFFD. The CFDDF
and DFFD are determined for the intervas 30 min, 90 min, and 180 min. The resulting functions
are exhibited in Figure 4-1 and Figure 4-2.

1.0 I . _
0.8 ’--: ‘/-—
c
. 0.6 fi C1R2 30 min
B C1R2 90 min
Q0.4 g C1R2180 min
O f
0.2 y
0.0 T T T
0 5 10 15 20

Flow density g (g/min/port)
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Figure 4-6 Experimental CFDDF Determined Using C1R2 Data

0.6 ‘
C1R2 30 min
C1R2 90 min
oa i +—m—oo C1R2 180 min

DFFD f(q,t)
ra

7

0 5 10 15 20
Flow density g, g/min/port

Figure 4-7 Experimental DFFD Determined Using C1R2 Data

The CFDDF shows a“nugget” effect, i.e., a q = 0 it has anon-zero vaue. For the three curves
shown, thisvaue is 0.14, which meansthat 14% of the totd drainage area does not have flow at
al. The DFFD function has a steep negetive dope at low g's and flattens out a high g's Thismeans
that there are many flows with amdl flow densties (eg., g < 1) and much fewer flows with high
flow dengties (e.g., g >10).

4.2.2 Solute Transport

Let C be the concentration of the solute (e.g., dissolved Zn or SO,?). For the smplest case where
C = constant = C,, the solute flux J (mass per unit time, e.g., moles per second) as afunction of
time during adrainage event is

J(t) = C,Q (t) = COAQQW qf (g,t)dg Equation 4-1

(The variable zisdropped because z © z, for bottom drainage thus no longer a variable. The
same argument gpplies heregfter.)

The totd solute loading L for the drainage event is given by

L =CV; = COAQS qu qf (g, t)dqat Equation 4-2
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For the case where the solute concentration is a function of g and t, C=C(q,t), the flux and

loading are respectively
J(t) = A@“"“* qf (9,t)C(q,t)dg Equation 4-3
L, = A(;T) (5"‘“ qf (g,t)C(g, t)dqdt Equation 4-4

Specificdly, if the solute concentration is inversely proportional to the flux g, as it may be
sometimes, we have C = K/q where K isa congtant. Subdtituting into the above two equations, we
obtain the following results:

J(t)= AQ% of (q,t)ﬁdq = AK qu f(g,t)dg = AK Equation 4-5
q
T O K .
L, =A0 Q0 df(g,t)—dqgdt = AKT Equation 4-6
T AQ Q q

That is, the solute flux does not change over time during the drainage event and is Smply equd to
the product AK.

Findly, the solute concentration C sometimes cannot be related to any other variable. In these cases
it can be regarded as arandom variable C for any fixed timet. For the duration of the drainage

event, t changes from O 10 tyw, and the solute concentration becomes arandom function C(t). The
flux also becomes a random function:

(1) = AC(H) ™ of (g, )dg Equation 4-7
and the tota solute loading becomes arandom variable:

L. = Aé C()(™ af (a,t)doet Equation 4-8

4.2.3 Application of Mathematics of Channelling to Large Column Data

The mathematics of channelling and solute trangport developed in Sections4.2.1 and 4.2.2 can
be applied to the large column data. This would involve investigating the functiond forms of (g,z,t)
and how f(qg,zt) is influenced by the variable assemblies shown on the right sde of the following
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equeation:
f(q,zt) = f(p(t), RO(X, y,t), R(X, ¥, 2), (X, ¥, 2)) Equation 4-2
However, thisis beyond the scope of this report.

The ultimate god of the research on channelling and solute transport would be to devel op the capa-
bility of

predicting f(g,z,t) from information on waste rock pile properties and precipitation properties,
predicting the concentration function C(q,t) or the random concentration function, C(t),
using the channelling and solute transport mathemetics developed above to predict Qr(t), Xt)
and L, or in the case of stochagtic modelling, Q+(t), J(t), and L.

The gpplication of kinematic wave theory to channelling flow, which will be discussed next, can be
considered a specia case of Equation 4-12 or Equation 4-16 where the f(,z,t) (or equivalently
F(q.,zt)) isexpressed as afunction of p(t) using the kinematic wave gpproximation.

4.3 APPLICATION OF KINEMATIC WAVE MODEL TO EXPERIMENTAL DATA

4.3.1 Description of the Model

The kinematic wave theory was introduced by Lighthill and Whitham (1955) who used the theory
to describe flood movement in rivers. The conditions for akinematic wave are very smple: flux is
functionally related to concentration. For example, the greater the number of cars there arein a
section of the road per unit length (the concentration), the smdler the number of carsthat can pass
through (the flux). Thiswould generate akinemeatic wave of car concentration in the direction oppo-
gteto the direction of traffic. In the case of moisture movement in macropores or channds, the flux
(volume of water passing across unit area per unit time) is positively related to concentration (the
volumetric moisture content, nT/n, in the flowing macropores or channels). This generates akine-
metic wave of moisture moving down.

Theword “kinematic” isrdativeto “dynamic’ in the sudy of motion, and means “without consid-
eration of inertiaor energy”. So the energy baance of the fluid motion isignored in the kinematic
wave theory. The “wave’ is unlike a conventiona wave such as those seen on the surface of a
water body. Rather, the kinematic waveis onethat involvesa*“jump” (adiscontinuity) of aquantity
such as flow density g, at aposition zymp, thet is, q(Z'jump) = 0 and g(Zjump) = q(t). The position of
the jump continuoudy travels, giving rise to the notion of awave.

Sinceitsintroduction, kinematic wave theory has been used in many diversified branches of hydrol-
ogy induding flood flows in rivers, surface watershed flows, subsurface soil flows, irrigation flows,
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snow melting, moisture movement in soil, and flows in macropores. Two text books have been
written on the gpplication of kinematic wave theory in hydrology (Singh, 1997, 1996).

The gpplication of the kinematic wave theory to macropore flows was due to Germann and Beven
(19814, 1981b, 1985, 1986). Smith et d. (1995) applied the approach developed by Germann
and Beven to adrainage flow hydrograph measured a 1dand Copper Mine, B.C. and showed that
kinematic wave theory has potentid for describing channd flows existing waste rock piles.

Germann and Beven have given detailed account of the mathematical development of their go-
proach in the references mentioned above. A brief mathematica deduction of the kineméatic wave
modd in theform usad in thisreport isgivenin APPENDIX XI. A schemétic representation of the
physical set-up of the modd isshown in Figure 4-1.

The kinematic wave modd presented in APPENDIX X1 describes the flow in a single macropore.
To apply the mode to fidd soil that has many macropores of different Szes, shapes, depths, con+
ductances, matrix sorbances, etc., German and Beven (1986) assumes that al the macropores can
be classfied into n groups, each of which has a didtinct conductance by, j = 1, 2, ... n. The
sorbance is assumed congtant for al macropore groups. They then proceeded to vary the conduc-
tance by and abundance (described by DA) of each channel group to obtain abest fit between the
hydrograph predicted by the kinematic wave theory and the observed hydrograph. The physica
interpretation of DA isthe proportion of the soil surface thet are connected to macropores of group
J. This gpproach, which they referred to as “a (discrete) distribution function approach”, reveds a
b;- DA relationship, which tells the aerid extent of each channe group and the conductance associ-
ated with each group. The main equation describing this gpproach is asfollows:

q(Z,t) = é DAq;(Z,1) where t£t, Equation 4-1
=1

acropore

Soil
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Fgure 4-33 Schematic Illugtration of Macropore Flow for Kinematic Wave Modd

4.3.2 Application to Large Column Data

Smith et d. (1995) used Germann and Beven's gpproach described above to modd drainage flows
from awaste rock pile. They treated flow channdsin waste rock piles the same way as Germann
and Beven treated macropores. According to Smith et a. (1995),

In a waste rock pile, there are many different types of channels, rather than
a single channel type. The channel systemwill have a complex pattern of dif-
ferent sizes, shapes, depths, and orientations. Fluid exchange occurs between
the different types of channels within the pile. We simplify the complexity of
the system by assuming that the pile is formed by multiple independent chan-
nels of unknown geometry. In our model, each channel group is characterised
by a conductance b; and a fraction of the surface of surface area of the pile...

In our gpplication here, we adopt the origina approach described in Germann and Beven (1986)
and admit the premises of Smith et a. (1995). We atempt here to provide an independent valida-
tion of the kinematic wave moded using the large column results.

Thelogic for independently vaidating the kinematic wave modd isthis: Firg, the kinematic wave
mode is applied to awhole-column hydrograph to cdibrate the modd, thet is, to obtain the values
of the model parameters specific to the experiment. Second, the calibrated modd isused in a pre-
dictive mode to caculate CFDDF's for sdlected pointsin time. Third, the caculated CFDDFs are
compared with experimental CFDDF's for the sdlected times. Since the modd parameters are
obtained only from information contained in the whole-column hydrograph and there are an infinite
number of CFDDF's that can produce the observed column hydrograph, an agreement between
the predicted CFDDF's and the experimentally observed CFDDFs congtitutes an independent
validation.

The experimenta results selected for modd vaidation are those of Column 1 Run 2 (C1R2). The
most important reason for its selection isto make the sorbance r = 0. The sorbance r measuresthe
loss of water from flowing channelsto the soil matrix. There are many uncertainties associated with
r. Firg, the modd assumes r = congtant for dl channel groups, which is not accurate. Second, it is
not measurable. The approach of Germann and Beven, aswell asthat of Smith et d., isto assume
various values of r spanning orders of magnitude, and select the one that produces the most mean-
ingful results. This serioudy compromises the vdidity of the moddling results. The drawback is
avoided by making r = 0.

We congider r = 0 for C1R2 because the totd water input to the column during thisrun, 49.7 L,

isadmos equd to the total amount of water drained for thisrun, 48.7 L. When water is not retained
in the rock bed, it should be reasonable to assume that there is no absorbance of water by the ol
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matrix. In addition, C1R2 was run only two days after C1R2. This short period of rest does not
dlow sgnificant evaporation from the rock bed.

With r = 0, the kinematic wave modd equations are greatly smplified. The smplified equations can
be obtained by taking limitsasr-> 0 (please consult APPENDIX X1 for the meanings of symbols),
asfollows

a-1
Z =lim abg, ~ _ +¥ Equation 4-1
@0 (a- Dr

(Because there is no absorbance of the weter, the water can theoreticdly flow down to a depth of
infinity if there were no physicd limits)

. €abgt & (a- Yrtaad ! .
t) =limga 0 a‘ia[-ex - — =bg't Equation 4-2
z,(1) f®°éﬂg pg % o q
y4 .
ty(2) =—0= Equetion
b,
4-3
_ . éabg U_ .
z,(t) = Irléq)g-(a-—l)r(l_ exp(- r(a- 1(t- T)))H_ o (t-T) Equation 4-4
ty(2) =T +—2 Equation 4-5
Qo
__¢éabgt W abglt .
z =lmaQ—2—1- e j=—2_T Equation 4-6
' Treog(a- 1)r( )H (- 1) e
a .
t, =——T Equation 4-7
a-1

To compute the drainage flow density at adepth Z £ z < Z, the following equations are used:
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0£t£t,(Z2): q(Z,t)=0
ty(Z2) EtEL,(Z): q(Z,t)=bqg; =q, Equation 4-8

I%I=|m

tD(Z)£t£t| q(Z,t)zgmé

where ( is the precipitation expressed in the same way as flow dengty g(z,t). Knowing ty(2) a
z and qp, the conductance b can be solved for:

t,(Z)EtEL,(Z): b= gﬁ% o Equation 4-9

An important note on the application of the kinematic wave modd to observed data is that the
experimental hydrograph must be unimodal, and relatively smooth. Since our experimental deta
show rugged patterns, we fitted the data to some functions that meet these requirements. After
testing severa functions, we found that two worked well on our data. Oneis atwo-piece quadratic
function (one piece for the rising limb and one for faling limb) and the other is a two-parameter
gamma digtribution:

f(x) = Xl b Equation 4-10

wherea, b are function parameters and G(a) is the gamma function with one parameter, a.

In order to fit the data, the arrival time of the column hydrograph is needed. It was estimated at 120
min. To make the kinematic wave moddling easy to handle, the time t = 0 should correspond to
the beginning of the smulated rain application. After the shifting of the time axis, thetime shown in
the result graphs below is equal to the time used in previous presentations plus 170 min.

The specific data used for the kinematic wave modelling are asfollows:

0o = 1.406E-4 nPmin*m (or mymin).

Z=15m

T =420 min

a= 2.5 as recommended by Germann and Beven (1986).

t; = 701 min as calculated by Equation 4-32.

ta = 120 min (the time of arriva on the column hydrograph)

Intervals of modedlling Dt; =5 min, Dt; = 15min, D =30 minforj =3, 4, ..., 20, givingt; =
125 min, t; = 140 min, t; = 170 min, ..., t,o = 680 min.

No oA~ WDNER
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4.3.3 Results and Discussion

The results for the decompaosition of the observed whole-column hydrograph using the kinematic
wave mode are shown in Figure 4-1. The experimenta data (represented by empty squares) are
fitted to a two-piece quadratic function and a gamma function. The gamma function curve was used
for decompasition. The two-piece quadratic function curve gives smilar but less preferable results.
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Figure 4-11 Results for Decompaosition of Column Hydrograph Using Kinematic Wave Modd
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The contribution to the total column flow dengty by each of the 20 component channd groupsis
represented by a channel group hydrograph, which has a characteristic shape of a flat portion
followed by afdling tall. Thetime of arriva of water in jth channe group isty j(Z) and the flow
dengty in this channd group Sartsto decline at tp j(Z). Thetime of intercegption of the wetting front
by the draining front is the same for dl channel groups, t; » 700 min. The channd group hydrog-
raphs are shown additively. The decompogtion is such that the sum of al component channe hy-
drographs is exactly equa to the whole-column hydrograph represented by the gamma function
curve.

The distribution of channdl conductance Iy given by the kinemeatic wave modd is shown in Figure
4-2. Each point (x,y) on the curve indicates the percentage of the totd surface area, y, which is
connected to channels with conductances not exceeding X. The graph shows that thereis afairly
high percentage (~40%) of the rock bed surface connected to channels with very low conductivity
(< 0.2 m/min). About 45% of the surface is connected to channels with a conductivity between 1
and 4.5 m/min. The remaining 15% of the surface are connected to highly conductive channdswith
b>5m/min.

100 —
80 /
60

40

Cummulative % surface area

20 -

0 1 2 3 4 5 6 7 8 9 10
Channel conductance b, m/min

Figure 4-28 Didribution of Channd Conductance from Kinematic Wave Moddling

From the modelling results the CFDDF (cumulative flow dengty didtribution function, see Section
4.2.1.1 ) was cdculaed for two sdected times, 350 min and 500 min (180 min and 360 minin the
old time notation). These are compared with experimental CFDDF'sin Figure 4-3.
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Figure 4-28 Comparison of Experimental and Model-Predicted CFDDF's

Apparently, the CFFDF's predicted by the kinematic wave mode do not agree with the experi-
mental CFFDF's very well. For example, at 180 min, the modd predicts that 40% of the drainage
area should show no flow, whereas the experimentd results show that only 14% of the drainage
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area has no flow. The predicted maximum flow densty is 1.44 times greater than that experimen-
taly observed. More generdly, the kinematic wave modd predicts much more bigger channdsthan
experimentaly observed. The same andys's gpplies to the 360 min comparison as well.

One possible reason for the discrepancy isthe experimentd resolution. If the bottom drainage grid
were finer, one would expect the maximum flow dendity to be greater and the percentage of base
drainage area receiving zero flow to be higher. To correct for this, the experimenta data were
adjusted as follows: Suppose we divided the bottom drainage areainto 1.44 times more drainage
partitions (37 x 1.44 » 53 partitions). Suppose dl the 16 new partitions (53 - 37 = 16) recelve zero
flow and dl the flows are accommodated within the same number of partitions as before the in-
crease in partition numbers (each new partition has asmadler area than the old partition). The ex-
perimenta CFDDF's can be recd culated under these assumption. This recaculation has the effect
of forcing the (recdculated) experimental maximum flow dengity equa to that predicted by the
model. The recalculated CFDDF's are compared with the model-predicted CFDDF'sin Figure
4-4.

The reca culated experimentd percentage of drainage area recaiving zero flow now agrees with the
model predictions quite well, but the digtributions of flow dengties are till far apart. The discrep-
ancy in the shapes of the experimentd curve and the modd-predicted curve cannot be resolved by
increasing partition resolution. It is therefore concluded thet the kinematic wave mode is not gopro-
priate to describe the channdling phenomena observed in our experiment. It must be point out that
this concluson is made on the basis of our experiment using the Stratimat waste rock. This conclu-
son may be reasonably extended to flows within smilar rocks - those containing ~20% sand-Sze
materid and having a macrohomogeneous gructure. This condusion, however, should certainly not
be extended to flows within other structures (e.g., CCFR or CPMFR). The agpplicahility of the
kinematic wave mode to other structures need further vaidation sudiesto darify.

The kinematic wave modd, which conceptualy precludes merges and splits of flows, isfundamen-
tally inconsstent with the conceptua dendritic-reticulate modd we proposed earlier based on
experimenta observations of flow and drainage chemidry. As amatter of fact, the kinematic wave
modd is based on the type of channd shownin (@) of Fgure 3-1, which we particularly concluded
to be absent. This makes the lack of gpplicability of the kinematic wave mode to our experiment
understandable. The kinematic wave modd is probably more gpplicable to Stuations where merges
and splits of channd flows are not pronounced. Imaginably, this could be the case with coarse
waste rock pilesin which the sand content is far less than 10%, that is, CCFR dructures.

The dendritic-reticulate flow modd, on the other hand, alows merges and splits of flows to take
place. Thisfeature dlows the explanation of the experimentaly-observed higher area extent of smdll
flows that the kinematic wave modd fails to account for. Nevertheless, the dendritic-reticulate
mode is only a conceptud one, it needs to be developed into a quantitative form if it were to be
usd for flow moddling.
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Fgure 4-14 Comparison of Recdculated Experimenta with Modd-Predicted CFDDF's
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4.4 CONCLUSIONS

How and solute trangport modelling has important gpplications in ARD prediction, prevention,
control and treatment. The main chalenges are channdlling and interactions between flows and
geochemicd factors. Studies on internd flows within waste rock are noticeably scarce in the litera-
ture. It is hoped that the work presented in this chapter can fill some of that gap. The following
conclusions have been reached:

Waste rock can be roughly classfied into porous media flow rock (PMFR) and channdlling
flow rock (CFR) according to their size distribution characteristics. The two differ both hy-
draulically and in terms of solute transport.

Five basic component rock structures can be identified within waste rock piles. Continuous
channelling flow rock (CCFR) is a well-mixed aggregate of channdlling flow rock particles.
Continuous porous media flow rock (CPMFR) isawel-mixed aggregate of porous media flow
rock particles. Porous media flow rock pockets suspended in continuous channdling flow rock
(PMFRP/CCFR) are structures where the channdling flow rock has continuity whereas the
porous media flow rock pockets are isolated. Channelling flow rock pockets suspended in
continuous porous media flow rock (CFRP/CPMFR) are structures where the porous media
flow rock has continuity whereas the channelling flow rock pockets are isolated. Low perme-
ability plates or pans (LPP) are laterdly-spreading thin rock strata with a very low hydraulic
conductivity.

Each of the five basic component structures has a set of distinct characteristics and should be
moddled with different goproaches. Factors that influence the flow of water within waste rock
piles are discussed. How phenomena contributing to flow heterogeneity in waste rock piles, in-
cluding the umbrela effects, the sponge effects, the bubble effects, ponding, day-lighting, blan-
keting, and funnelling, are identified.

Channdling phenomena can be characterised mathematicaly by the use of cumulative flow
density digtribution functions (CFDDF's) or dengity functions of flow dengties (DFFD's). These
functions are jointly determined by many factorsincluding the rock properties, rock structures,
and precipitation characteristics. The DFFD can be coupled with relationships between solute
concentrations and flow rates to modd solute transport, ether determinigtically or probabilisti-
cdly.

The kinematic wave modd did not adequately describe the channdlling flows observed for the
partidly oxidised Stratmat waste rock, which appears to be, margindly, a continuous channel-
ling flow rock. It over-predicted the extent of larger channel flows at the price of smdler chan-
nel flows. The main reason for the lack of gpplicability probably liesin the fact that the modedl
conceptualy precludes merges and plits of flows within waste rock. The kineméatic wave
model may potentially be more suitable to describe flows in other types of rocks such as
CCFR, which contains less than 10% of sand and silt.
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APPENDIX | EXPERIMENTAL CONDITIONS AND PROCEDURES



COLUMN 1
Test Conditions

Column 1 Run 1 feed rate = 3.2 mL/min/channd; feed duration = 13 hours, rain smulator pogtion = -
22.5°%; rock bed thickness= 1.5 m; number of sampling rounds = 8; sampling duration = 6 hours (excluding
the lagt round which was the next morning); number of sampling rounds submitted for ICP andyss = 6;
tracer (NaCl) concentration in feed water = 1000 mg/L N&'; rain Smulaor turn-on time = 2:15 am; rain
amulator turn-off time = 3:15 pm.

Coumn 1 Run 2 feed rate = 3.2 mL/min/channd; feed duration = 7 hours, rain Imulator position = -22.5°;
rock bed thickness = 1.5 m; number of sampling rounds = 8; sampling duration = 6 hours (excluding the
last round); number of sampling rounds submitted for ICP andlysis = 5; tracer (KNOs) concentration in feed
water = 500 mg/L K*; rain Smulator turn-on time = 6:10 am; rain Smulaor turn-off time = 1:10 pm.

Column 1 Run 3 feed rate = 1.6 mL/min/channel; feed duration = 10 hours; rain Smulator position = -
22.5°; rock bed thickness = 1.5 m; number of sampling rounds = 8; sampling duration = 6 hours (excluding
the last round); number of sampling rounds submitted for ICP andlysis = 6; tracer (LiCl) concentration in
feed water = 500 mg/L Li*; rain smulator turn-on time = 2:03 am; rain smulator turn-off time = 12:03 pm.

Test Procedure

Column1Run1

1 The feed water reservoir was refilled with fresh tap water to the 100-L mark. Then NaCl was
dissolved to make a 1000 mg/L Na' concentration in the feed water.

2. The timer was programmed to turn on the feed pumps at 2:15 am and to turn it off at 3:15 pm on
the same day.

3. The drainage breakthrough took place at 2:30 pm, and thiswas set astime zero for sampling pur-
pose. Drainage breskthrough is arbitrarily defined as the time when water has Ended flowing in
about haf of the sample bottles.

4, At thetimeintervas of 30 min., 60 min., 90 min., 120 min., 180 min., 240 min., 360 min., and the
next morning (about 1080 min.), eech of the 37 drainage bottles underwent the following trestment:
sample weight, pH, and conductivity were measured; for sdected time intervals (see the next sep),
asub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP andyss. Then the
sample was discarded.

5. The preserved sub-samples for the following time intervas were submitted for ICP andlysis for
dissolved S, Fe, Zn, Na, K, Li: 30 min., 60 min., 90 min., 180 min., 240 min., and 1080 min.

Column1Run?2

1. The feed water reservoir was emptied, washed, and refilled with tap water to the 100-L mark.
KNO; was dissolved in the water to make a500 mg/L K* concentration.
2. The timer was programmed to turn on the feed pumps at 6:10 am and to turn it off at 1:10 pm on

2.



the same day.

3. The drainage breakthrough took place a 9:00 am, and thistime was set astime zero for sampling
purpose.

4, At thetime intervas of 30 min., 60 min., 90 min., 120 min., 180 min., 240 min., 360 min., and the
next morning (about 1440 min.), eech of the 37 drainage bottles underwent the following trestment:
sample weight, pH, and conductivity were measured; for sdected time intervals (see the next sep),
asub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP andyss. Then the
sample was discarded.

5. The preserved sub-samples for the following time intervas were submitted for ICP andlysis for
dissolved S, Fe, Zn, Na, K, Li: 30 min., 60 min., 90 min., 180 min., and 1380 min.

Column1Run 3

1. The feed water reservoir was emptied, washed, and refilled with fresh tap water to the 60-L mark
(Note: 60 L ingtead of 100 L, to save reagent cost). LiCl was dissolved in the water to make a 500
mg/L Li* concentration.

2. The timer was programmed to turn on the feed pumps a 2:03 am and to turn it off a 12:03 pm on
the same day.

3. The drainage breakthrough took place a 8:00 am, and thistime was set astime zero for sampling
purpose.

4, At thetime intervas of 30 min., 60 min., 90 min., 120 min., 180 min., 240 min., 360 min., and the
next morning (about 1440 min.), each of the 37 drainage bottles underwent the following trestment:
sample weaght, pH, and conductivity were measured; for sdlected time intervas (see the next sep),
asub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP andysis. Then the
sample was discarded.

5. The preserved sub-samples for the following time intervas were submitted for ICP andlyss for
dissolved S, Fe, Zn, Na, K, Li: 30 min., 60 min., 90 min., 180 min., 240 min., and 360 min.

Column 2
Test Conditions

Column 2 Run 1 feed rate = 3.2 mL/min/channd; feed duration = 5 hours; rain Smulator postion = -22.5°;
rock bed thickness = 0.5 m; number of sampling rounds = 7; sampling duration = 4 hours (excluding the
last round); number of sampling rounds submitted for ICP andysis = 7; rain smulator turn-on time = 1:45
pm; rain Smulator turn-off time = 6:45 pm.

Caumn 2 Run 2 feed rate = 3.2 mL/min/channd; feed duration = 6 hours, rain Imulator position = -22.5°;
rock bed thickness = 1.0 m; number of sampling rounds = 7; sampling duration = 4 hours (excluding the
last round); number of sampling rounds submitted for ICP andysis = 7; rain smulator turn-on time = 6:30
am; rain smulator turn-off time = 12:30 pm.

Column 2 Run 3 feed rate = 3.2 mL/min/channel; feed duration = 10.77 hours; rain smulator postion = -




22.5°; rock bed thickness = 1.5 m; number of sampling rounds = 7; sampling duration = 6 hours (excluding
the last round); number of sampling rounds submitted for ICP analysis = 6; rain Smulator turn-on time =
2:12 am; rain amulator turn-off time = 9:12 am; rain Imulator restarted = 10:20 am and re-sopped = 2:06

pm.

Column 2 Run 4 Thisisarepeat of Column2 Run 3. feed rate = 3.2 mL/min/channd; feed duration = 5.1
hours, rain smulator pogtion =-22.5°; rock bed thickness = 1.5 m; number of sampling rounds = 8; sam-
pling duration = 6 hours (excluding the last round); number of sampling rounds submitted for ICP analysis
=5; ran amulator turn-on time = 4:30 am; rain Smulaor turn-off time = 9:37 am.

Test Procedures

Column 2 Run 1

1 The feed water reservoir was refilled with fresh tap water to the 100-L mark.

2. The timer was programmed to turn on the feed pumps at 1:45 pm and to turn it off at 6:45 pm on
the same day.

3. The drainage breakthrough took place at 4:15 pm, and this was set astime zero for sampling pur-
pose

4, At thetimeintervas of O min., 30 min., 60 min., 120 min., 180 min., 240 min., and the next morning
(about 960 min.), each of the 37 drainage bottles underwent the following treatment: sample weight,
pH, and conductivity were measured; a sub-sample (unfiltered) was taken and preserved with pure
nitric acid for ICP analysis of dissolved S, Fe, Zn. Then the sample was discarded.

Coumn2Run 2

1 The feed water reservoir Ended at the 64-L mark.

2. The timer was programmed to turn on the feed pumps a 6:30 am and to turn it off a 12:30 pm on
the same day.

3. The drainage breakthrough took place a 10:30 am, and this was st as time zero for sampling
purpose.

4. At thetime intervas of 30 min., 60 min., 90 min.,120 min., 180 min., 240 min., and the next morn-
ing (about 1320 min.), each of the 37 drainage bottles underwent the following trestment: sample
weight, pH, and conductivity were measured; a sub-sample (unfiltered) was taken and preserved
with pure nitric acid for ICP andlysis of dissolved S, Fe, Zn.

Column 2 Run 3

Lo

The feed water reservoir was emptied, washed, and refilled with fresh tgp water to the 100-L mark.

2. The timer was programmed to turn on the feed pumps a 2:12 am and to turn it off a 9:12 am on
the same day. The feed pumps were restarted a 10:20 am and turned off a 2:06 pm to goply addi-
tiona waeter.

3. The drainage breakthrough took place a 8:30 am, and thistime was s&t astime zero for sampling

purpose.



4, At thetimeintervasof 30 min., 60 min., 90 min., 180 min., 240 min., 360 min., and the next morn-
ing (about 1440 min.), each of the 37 drainage bottles underwent the following trestment: sample
weight, pH, and conductivity were measured; for selected time intervals (see the next step), asub-
sample (unfiltered) was taken and preserved with pure nitric acid for ICP andysis. Then the sample
was discarded.

5. The preserved sub-samples for the following time intervas were submitted for ICP andysis for
dissolved S, Fe, Zn: 30 min., 60 min., 90 min., 180 min., and 1440 min.

Column 2 Run 4

1 The feed water reservoir was emptied, washed, and refilled with fresh tgp water to the 100-L mark.

2. The timer was programmed to turn on the feed pumps a 4:30 am and to turn it off a 9:37 am on
the same day.

3. The drainage breakthrough took place a 7:15 am, and this time was set astime zero for sampling
purpose.

4. At thetimeintervals of 30 min., 60 min., 90 min., 120 min., 180 min., 240 min., 360 min., and the
next morning (about 1500 min.), eech of the 37 drainage bottles underwent the following trestment:
sample weight, pH, and conductivity were measured; for sdected time intervals (see the next sep),
asub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP andyss. Then the
sample was discarded.

5. The preserved sub-samples for the following time intervas were submitted for ICP andlysis for
dissolved S, Fe, Zn: 30 min., 60 min., 90 min., 180 min., 360 min.

Column 3

Test Conditions

Column 3 Run 1 Water was fed at one point (centre of the sample bed surface). feed rate = 35 mL/min;
feed duration = 10 hours; rain Smulator position = -22.5°; rock bed thickness = 0.5 m; number of sampling

rounds = 8; sampling duration = 6 hours (excluding the last round); number of sampling rounds submitted
for ICP andyds = 6; rain smulaor turn-on time = 2:11 am; rain Smulator turn-off time = 12:11 pm.

Column 3 Run 2 Water was fed at one point (centre of the sample bed surface). feed rate = 35 mL/min;
feed duration = 13 hours; rain Imulator pogition = -22.5°; rock bed thickness = 1.0 m; number of sampling
rounds = 8; sampling duration = 6 hours (excluding the last round); number of sampling rounds submitted
for ICP andyss=7; ran amulator turn-on time = 10:02 pm (previous evening); ran smulator turn-off time
=11:02 pm.

Column 3 Run 3 Water was fed at one point (centre of the sample bed surface). feed rate = 35 mL/min;
feed duration = 12 hours; rain Imulator pogition = -22.5°; rock bed thickness= 1.5 m; number of sampling
rounds = 8; sampling duration = 6 hours (excluding the last round); number of sampling rounds submitted
for ICP andlyds = 6; rain smulaor turn-on time = 2:00 am; rain Smulator turn-off time = 4:00 pm.




Test Procedures

Column3Run 1

1 The feed water reservoir was refilled with fresh tap water to the 50-L mark. NaCl was dissolved
in the water to make a concentration of 1000 mg/L N&'.

2. The timer was programmed to turn on the feed pump at 2:11 am and to turn it off at 12:11 pm on
the same day.

3. The drainage breakthrough took place a 8:00 am, and this was s&t as time zero for sampling pur-
pose.

4, At thetime intervas of 30 min., 60 min., 90 min., 120 min., 180 min., 240 min., 360 min., and the
next morning (about 1440 min.), each of the 37 drainage bottles underwent the following trestment:
sample weight, pH, and conductivity were measured; for selected time intervas (see next sep), a
sub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP analysis of dissolved
S, Fe, Zn, Na, K, and Li. Then the sample was discarded.

5. The preserved sub-samples for the following time intervals were submitted for ICP andyss: 30
min., 60 min., 90 min., 180 min., 240 min., and 360 min.

Column 3 Run 2

1 The feed water reservoir was emptied, washed, and refilled with fresh tap water to the 50-L mark.
KNO; was dissolved in the water to make a concentration of 1000 mg/L K.

2. The timer was programmed to turn on the feed pumps a 10:02 pm (previous evening) and to turn
it off at 11:02 am.

3. The drainage breakthrough took place a 7:00 am, and this was s&t as time zero for sampling pur-
pose.

4, At the timeintervas of 30 min., 60 min., 90 min.,120 min., 180 min., 240 min., 360 min., and the
next morning (about 1500 min.), each of the 37 drainage bottles underwent the following trestment:
sample weight, pH, and conductivity were measured; and for sdected time intervals (see next gep),
a sub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP anaysis of dis-
solved S, Fe, Zn, Na, K, and Li.

5. The preserved sub-samples for the following time intervals were submitted for ICP andyss: 30
min., 60 min., 90 min., 180 min., 240 min., 360 min., and 1500 min.

Column 3Run 3

1 The feed water reservoir was emptied, washed, and refilled with fresh tap water to the 50-L mark.
LiCl was dissolved in the water to make a concentration of 500 mg/L Li*.

2. The timer was programmed to turn on the feed pumps at 2:00 am and to turn it off at 4:00 pm on
the same day.

3. The drainage breskthrough took place at 4:30 pm, and this time was s&t as time zero for sampling
purpose.

4, At thetime intervas of 30 min., 60 min., 90 min., 120 min., 180 min., 260 min., 360 min., and the
next morning (about 960 min.), each of the 37 drainage bottles underwent the following trestment:

-6-
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sample weight, pH, and conductivity were measured; for selected time intervals (See the next step),
asub-sample (unfiltered) was taken and preserved with pure nitric acid for ICP andysis. Then the
sample was discarded.

The preserved sub-samples for the following time intervas were submitted for ICP andysis for
dissolved S, Fe, Zn, Na, K, and Li: 30 min., 60 min., 90 min., 180 min., 360 min. and 960 min.



APPENDIX [l DRAINAGE HYDROGRAPHS

Abbreviaions

C = Column

R=Run

P = Port of Drainage

SR = Smulated Rain (uniform input at the top of the sample bed)

For example, C1R2 P15 means Column 1, Run 2, Drainage Port No. 15.
Explantions

The rectangle in each column hydrograph represents the smulated rain input on the top of the sample bed;
the height of the rectangle is the flow rate of the smulated rain inpuit.

The“flow rate€’ or “column discharge rat€’ used in the drainage hydrographs are averages over specific time
intervals, caculated by dividing the total volume (mass) of solution collected from a drainage port or for the
entire column by the time interval used to collect this volume. For example, the flow rate of C1IR1 P10 at
180 minutesis 3.08 g/min, which is obtained by dividing the totd volume (mass) of solution collected at Port
10 in Column 1 Run 1 - 184.6 g - by the duration of this collection - 60 minutes (i.e., from 120 to 180
minutes). The column discharge rate is the sum of the flow ratesin al 37 drainage ports.

Because the time zero is normally identified with an estimated precison of 0.5 hour and is positively biased,
the first data point in dl drainage hydrographsis approximate and positively biased. The “true’ average flow
rate or “true’ column discharge rate for the first data point should lie close to 50% of the vaue plotted on
the hydrographs given in this gppendix.

Also, because of the very long timeinterva (overnight) for the last deta point in each drainage hydrograph,
the vaue of the last data point is inaccurate and included for illustration purpose only.
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The rule governing solubility control of dissolved congtituents in an agueous solution is stated as
follows:

Suppose a solution containing dissolved constituents A and B is in equilibrium with the min-
eral phase AB. The molar concentrations of A and B are Ca and Cg, respectively. If Ca >>
Cs then Cg is controlled by the solubility of AB whereas C, is not; if C4 = Cg, then both Cy

and Cg are controlled by the solubility of AB; if Ca<< Cg, then C, is controlled by the solu-
hility of AB but Cg is not.

To prove this rule, suppose the mineral precipitation reaction, A + B = AB(s), is in equilibrium with
molar concentrations of A, B, and AB, designated by Ca, Cs, and Cag, respectively. Assuming unity
activity coefficients for dissolved constituents A and B, we have

CaCs =K Equation 1

where K, is the thermodynamic solubility product of mineral AB. Now suppose we add AA mol/L
of A (but not B) to the solution, AA cc Ca. This will overthrow the origina equilibrium and a new
equilibrium will be reached after some AB is precipitated. The new concentrations of A, B and AB
are, respectively, Ca+AC,, Cp+ACs (note ACs is negative), and Cap+ACag. At this new equilibrium,

we again have
(CA+ACA)(CB+ACB)= Ksp Equation 2

In addition, since the amount of A added which is aso precipitated is equa to the new phase AB
precipitated, we have

AA-AC,=ACyp Equation 3
Finaly, since the amount of B precipitated is equa to the amount of AB created, we have

-ACp =ACpp Equation 4
Combining and solving Equations 1 to 4, we obtain

AC, C,
AA  C, +C, +AC,

Equation 5

If Ca>> Cg> |ACg, then Cy+Cp+ACg = Ca, thus ACa = AA. That is, nearly al the A added to the
solution stays in solution and the presence of AB is not exerting a control on Cx. On the contrary,
if ACgc Ca o Cg, then Ca+Cp+ACg = Cp, ACp/AA = Ca/Cg — 0. That is, virtually all the A added
will be precipitated, not allowing C, to rise and thus exerting a strict control on Ca. Findly, if Cy
and Cg are comparable in magnitude, e.g., Ca/Cs €[0.1, 10], then the mineral phase AB exerts some

control on both Cx and Cg. For the case Cy=Cg>>ACg, AC4/AA =0.5. That is, about half of the A
added to the solution is precipitated and the other half stays in solution.

-14-
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The above solution can be extended to the case of aA + bB = A, By(s). Applying the Taylor expansion
formula on the expression (CA+ACA)a(CB+ACB)b= K, and ignoring the higher-order terms, for AA

CC C,, We obtain a similar but approximate result: ACa/AA= Ca/(Ca+Cg). The conclusions are
therefore virtually the same as the case of A + B = AB(s).

-15-
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APPENDIX VIII PROOF OF CONSTANTZN/SRATIOIN SUCCESSIVE
DILUTIONSANDINTER-MIXING

-16 -



Proof of the fact that successive dilutions of an original solution and mixing of various-stage dilu-
tions maintain a constant Zn/S ratio which is the same as that of the original solution, whereas mix-
ing of two solutions possessing different Zn/S ratios will produce a solution with a Zn/S ratio which
IS between but unequal to either of the Zn/S ratios of the two original solutions. Solute conservation
for Zn and S is assumed.

Let concentrations of Zn and S in the original solution be Cz,o and Csyg respectively. Thus the Zn/S
ratio of the original solution is Ry = Czn¢/Cs 0. SUPPOSE Qp litres of this solution is diluted with Q,
litres of pure water (let us cal this dilution a “first-generation dilution”). The dilution factor is f;, =
Qv/(Qo+Qy). After the dilution, the Zn and S concentrations are, respectively, Cz,1 = fiCz,0 and Cs;
= f1Cs 0, thus the new Zn/S ratio iS R; = Cz,1i/Cs,1 = (£1Cz,0)/(fiCs0) = Cza,0/Cso = Ry. This anaysis
can be repeated for the second,, third, . . . generations of dilution and we would obtain Rg = R; =R,
=... =R,

Now consider the mixing of two first-generation dilutions. Suppose the two solutions mixed have
the following characteristics: Q1, , Cs;1, Ry (Which isequal to Rg), and Q'j, C'za,1, C's,, R'; (Which is
aso equal to Ry). Let mixing factor f, = Qi/(Qi+ Q). After mixing, the Zn and S solutions are Cz,»
= £,Cz01+(1-5)C'z.1 = £of1Cz0 0+(1-E)f'1Cz00 = Canolfaf1+(1-f2)f'] and Csz = Csolfof1+(1-f2)f'1],
therefore Ry mix = Cza,2/Cs2 = Cznof Cspo = Ro.

By repeating the above analyses it can be shown that any successive dilutions or mixing of any-
generation dilutions will maintain the origina Zn/S ratio Ry.

Now mixing of two solutions with dlfferent Zn/S ratlos Suppose two solutions are mixed: (1) Qo,
Czn0» Cs.0» Czno/Cs0 = Ro and (2) Q'o, Czn0, C's0 C Zno/C s0 = Ro.f = Q/(Qe+Q’). After mixing,
the Zn and S concentrations are CZn mix = fCzmpo + (l-f)C 200 A0 Cg s = fCs0 + (1-H)C .0, thuS Ry

= Cznmin/Cs mix = [fCzno + (1 HC "m0V [fCso + (1 -H)C"s0l. From this expression it can be easily shown
that Ryix = Rg if and only if R’y = Ry. Otherwise, Ry, 1S between Rg and R'o, because R isa
weighted average of the two.
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For aunit volume of liquid (water), the gravitationd gradient from a point P to another point Q (both on the
surface of arock particle) is

DP _rg(h, - hy)
Ds Ds

where Pisthe gravitationd potentia per unit volume of liquid, r the density of the liquid, g the congtant of
gravitationa accderation, h» and hy, the devations of point P and point Q relative to a common datum, Ds
the length of a hypothetica route aong which the liquid travels from point P to point Q on the surface of the
rock particle. Thus the gravitationa potentia gradient is route-dependent. When point Q = point P, the
gravitationa potentiad gradient at point P aong the vector Dr, which starts from point P and ends at point
Qs

L L L L L
dr  Qepry-T1, QP Iy -1, dr

whererp andrq are the two vectors from a common origin to the points P and Q, respectively. A drop of
gatic liquid will tend to flow in the direction of negative greatest gravitationd potentia gradient, or maximum
-dP/dr, which is the same as the direction of stegpest dope on the particle surface, or maximum -dh/dr.

Oncetheliquid gartsto flow and gainsinertia, the motion of afluid dement will be governed by Newton's
second law,

whereV isthe volume of the liquid dement, f; isthe force vector of the ith force, and the summation is over
al forces acting on that liquid dement. The path of motion of the liquid dement is determined by solving the
above differentia equation with it'sinitia podtion and velocity.

The summation of forces includes contributions of the gravitationa force, which is a congtant force vector
acting on the liquid dement and dways pointing downward with numerica vaue equd to r Vg, and resgant
forces. The resstant forces include friction due to particle surface roughness, surface tension due to factors
such as hydrophobicity of the surface, and internd friction due to the viscosty of the liquid. The resstant
forces are dependent of many properties of the liquid, the solid, and particle packing, and therefore are
impossible to determinein redity. This means that the path of liquid mation cannot be caculated at the level
of one particle, let done the case with an aggregate of many particles. Thereforeit is practicaly impossble
to predict flow paths within channdling flow rock from fundamental principles of physics.
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The kinematic wave theory gpplied to macropore (channd) flows conssts of two equations. one for mass
ba ance and the other for flux relation. The mass baance equation is

g  Ja_

-S Equation 6-1
m 9z

where

- gisthe volumetric water content, n/ne, in macropores (flow channdls) per unit volume of the of the
entire oil media,

- qisthevolumetric flux, or flow dengty in the nomenclature of this report, m/s, in the macropores (flow
channels) per unit area of the entire soil media,

- Sisthe water uptake or loss by the soil media from the macropore system,

- zisdepth below the soil surface, m

- tistime

The flow density qisrelated to the moisture content g by an empirica, power law,
g=bg?® Equation 6-2

where
- bisthe macropore conductance, nvs, and
- aisanempiricd dimengonless exponent congant, normaly having a vaue in the neighbourhood of 2.5.

The velocity of macropore flow u, Vs, is given by

bg ** Equation 6-3

c

1
QO |o

11

The initia and boundary conditions are described by

q(0,t) =0, t£O
q(Ot)=q,, OE£tET
q(0,t) =0, t3 0
g(z,0) =0, z3 0

Equation 6-4

These equations describe a rectangle moisture pulse stating at t = 0 and ending at t = T, such as may be
caused by a square pulse steedy precipitation of equal duration. Note that q is the moisture content in
macropores, not the soil matrix, hence g = 0 in the aove initid and boundary conditions meansthere is no
water in the macropores; it says nothing about the moisture in the soil matrix.
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Equations (25), (26), and (28) can be combined and solved. To solve them, however, we need an expres-
sonfor Sintermsof g. Now let us consider the case

S=rq Equation 6-5

which means that the loss (uptake) term Siis proportiona to the moisture content in the macropores. R is
a congtant absorbance, 1/s. Combining (25), (26) and (29) gives

ﬂ—q+baq =119

it . =-rq Equation 6-6

Thisisafirg order, linear, nonhomogeneous partid differentia equation (PDE) and can be solved using the
method of characteristics. Farlow (1993) gives a short, but excellent account of this method. Using the

method of characterigtics, the above PDE can be replaced by a system of two ordinary differential equa-
tions (ODE):

dq .

e BN Equetion 6-7
Ot q q

% =abq®* Equetion 6-8

The solution to the above system of equations can be divided into two domains, D, (O£ t £ T) and D, (t
3 T).In Dy, thesolutionis

1

q(z1) =qO§1- 2 Equation 6-9
z'f
where
a-1
zZ = abgy Equation 6-10
(a- Dr

is the maximum depth the kinemétic water wave can ever reach. The flow density and the flow velocity in
D, aregiven by
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a
a-

L& Z il .
q(z.t) =baq; gl - Equation 6-11
z
a-16 zu .
u(z,t) = bao gl U Equation 6-12
z

It can be seen that q, g, u depend only on z (non-uniform), but not on t (steedy). The movement of the
wetting front of the kinematic wave is given by

N & r(a- Htou .
t) =z al- exp¢- R Equation 6-13
and the time higtory of the wetting front movement is given by
a 2 zZU ,
¥ =- InZl- — Equation 6-14
w(z) (a- r ”gl i A
where t,, denotes the time at which the wetting front pogtion is z.
Indomain D, (t3 T), the solution of the ODE system is given by
L
e (a-Yrz 0ot .
g(z,t)=exp|- r(t-T) = Equation 6-15
| | TR P T
and the flow dengty and velocity are
e (a- Drz ol :
q(z,t) =bexp|- r(t-T) T Equetion 6-16
| it o @ D TN
u(z,t) = (@- Drzge expl-r(a- H(t- T)] O Equation 6-17

a &l-exp(-r(a- 1(t- T) g

It can be seenthat in D5 g, g, u ae dependent on both zand t. At t =T, the surface moisture input stops,
i.e, q(0t)=0fort3 T. Thiscauses adownward propagetion of adraining front. Since the draining front
moves down at a faster speed than the wetting front, eventualy, the draining front intercepts the wetting
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front at depth z and t;, given by

z, = Z[1- exp(- rT)] Equation 6-18

t,=——T Equation 6-19
a-1

DuringthetimeT £ t £ t,, thetime higtory of the draining front is given by z(t), the depth of the draining
front a timet, and tp(2), the time & which the draining front is a depth z:

7, (1) = Z o1- exp(-r(a- 1)(t- T))] Equation 6-20

t,(2) =T 1 Equation 6-21

Cra- DIn(1- z/7)

Now to compute the drainage flow density at adepth Z £ z < z, the following equations are used:

Of£t£t,(Z): q(Z,t)=0

t,(Z)ELEL(2): q(Z.1) =bqg';‘gl- 5*56"1 Equation 6-22
V4

@- Hrz G-l

o(-r(a- (t- T 5

t,(Z)ELEL,  §(Z.t)=bexp[ r(t- T)] Eeab[l_ =

So the flow dengity q ispredictable for t = 0to t = t;, which according to Equation 43 is equa to 1.675
for a=2.5. That isto say, the model can be used to predict the flow from the beginning of a precipitation
event up to 1.67 times the duration of the precipitation.

This completes the kinematic wave mode for description of macropore flowsin soils.
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