
P. O. Drawer 571, Tyrone, New Mexico 88065 • (505) 538-5331

July 28, 2005

Via Federal Express

Mr. Clint Marshall
New Mexico Environment Department
Mining Environmental Compliance Section
P.O. Box 26110
Santa Fe, New Mexico 87502

Dear Mr. Marshall:

Re: Phelps Dodge Tyrone, Inc., Revised Seepage Investigation of Leach Ore
Stockpiles and Waste Rock Stockpiles Interim Report DP-1341 Condition 81

Attached are three hardcopies of the Phelps Dodge Tyrone, Inc. (Tyrone) Revised Seepage
Investigation of Leach Ore Stockpiles and Waste Rock Stockpiles Interim Report submitted pursuant to
Condition 81 of DP-1341. These copies were sent to your attention by EnviroGroup Limited via Federal
Express. An electronic copy of the subject interim report was emailed to all copied parties.

Should you have questions or comments please contact Mr. Mike Jaworski at (505) 538-7181.

Very truly yours,

i)Jl-/JJ
E. L. (Ned) Hall, Manager
Environment, Land & Water
New Mexico Operations

ELH:mj
Attachment
20050728-102

cc: Mary Ann Menetrey, NMED
Keith Ehlert, NMED
Holland Shepherd, MMD
David Ohori, MMD
Dusty Earley, EnviroGroup Ltd



 
 

 
 
 
 

Revised Seepage Investigation of Leach Ore Stockpiles and 
Waste Rock Stockpiles Interim Report 

DP-1341 Condition 81 
 

Tyrone Mine 
 

 
 
 

Prepared by: 
 
 

EnviroGroup Limited 
Centennial, Colorado 

 
 
 

Prepared for: 
 
 

 
Phelps Dodge Tyrone Inc. 

Tyrone, New Mexico 
 
 

July 29, 2005 
 
 
 

Project No.  PD-0447 



Revised Seepage Investigation July 29, 2005 
Project # PD0447  Interim Report 
 
 

Revised Seepage Investigation of Leach Ore Stockpiles and 
Waste Rock Stockpiles Interim Report 

DP-1341 Condition 81 
 

Tyrone Mine 
 

 
 
 

Prepared by: 
 
 

EnviroGroup Limited 
Centennial, Colorado 

 
 
 

Prepared for: 
 
 

 
Phelps Dodge Tyrone Inc. 

Tyrone, New Mexico 
 
 

July 29, 2005 
 
 
 

Project No.  PD-0447 
 
 
 
 
 
_____________________________________                ___________________________ 

Prepared by            Date 
 
 
 
_____________________________________                ___________________________ 

Reviewed by            Date 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  i 

TABLE OF CONTENTS 

 

TABLE OF CONTENTS...................................................................... i 
LIST OF TABLES ............................................................................. iii 
LIST OF FIGURES............................................................................ iv 

APPENDICES .................................................................................... v 

LIST OF ACRONYMS....................................................................... vi 
1.0 INTRODUCTION....................................................................... 1 

1.1 Objectives.................................................................................................2 

1.2 Scope ........................................................................................................2 

1.3 Implementation and Reporting Schedule...............................................4 

1.4 Background ..............................................................................................4 
1.4.1 Leach Ore and Waste Rock Stockpile Facilities .................................................. 7 

1.4.2 Summary of Stockpile Seepage Studies and Other Relevant Studies.................. 8 

2.0 INVESTIGATION PROCEDURES.......................................... 10 

2.1 Seepage Characterization .....................................................................10 
2.1.1 Field Procedures................................................................................................. 10 

2.1.2 Laboratory Procedures ....................................................................................... 10 

2.2 Seepage Modeling..................................................................................12 
2.2.1 Modeling Objectives .......................................................................................... 12 

2.2.2 Modeling Scope.................................................................................................. 13 

2.2.3 Model Selection.................................................................................................. 13 

2.2.4 Runoff and Seepage Modeling........................................................................... 17 

2.2.5 Geochemical Modeling ...................................................................................... 21 

2.2.6 Modeling Quality Assurance Plan...................................................................... 24 

3.0 RESULTS ............................................................................... 25 

3.1 Field Testing ...........................................................................................25 

3.2 Laboratory Testing.................................................................................26 
3.2.1 Hydraulic Testing............................................................................................... 26 

3.2.2 Meteoric Water Mobility Procedure Testing ..................................................... 26 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  ii 

4.0 DISCUSSION.......................................................................... 28 

4.1 Seepage Flow Monitoring......................................................................28 

4.2 Seepage Quality Monitoring..................................................................28 

5.0 PREDICTION OF IMPACTS................................................... 30 

5.1 Mass Loading .........................................................................................30 

5.2 Transport Model .....................................................................................31 

6.0 ALTERNATIVES EVALUATION ............................................ 32 

7.0 REFERENCES AND BIBLIOGRAPHY .................................. 33 

 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  iii 

 
LIST OF TABLES 

 
 

Table 1.1 Reports, Documents and Data 

Table 2.1 Modeling Guidance and Summaries 

Table 3.1 Summary of Stockpile Infiltration Tests 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  iv 

 
LIST OF FIGURES 

 

Figure 1.1  Existing Stockpile Facilities and Containments 

Figure 1.2  Implementation and Reporting Schedule 

Figure 2.1  Stockpile Seepage Conceptual Model 

 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  v 

APPENDICES 
 
 
Appendix A  Stockpile Infiltration Testing 

Appendix B  Laboratory Hydraulic Testing 

Appendix C  Meteoric Water Mobility Testing 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

 
EnviroGroup Limited  vi 

 

LIST OF ACRONYMS 
 
 
ADTI  Acid Rock Drainage Technical Initiative 
 
ARD  Acid Rock Drainage 
 
COC  Contaminants of Concern 
 
DP  Discharge Permit 
 
EC  Electrical Conductivity 
 
GWB  Geochemists Work Bench 
 
NMED  New Mexico Environment Department 
 
PDTI  Phelps Dodge Tyrone Inc. 
 
MWMP Meteoric Water Mobility Procedure 
 
Ksat  Saturated hydraulic conductivity 
 
mg/l  milligrams per liter 
 
meq/l  milliequivalents per liter 
 
 
 



Revised Seepage Investigation July 29, 2005 
Project #PD0447  Interim Report 
  

  
EnviroGroup Limited  1 

1.0 INTRODUCTION 

 
This interim report was developed by Phelps Dodge Tyrone Inc. (PDTI) in order to fulfill 

its requirements as a mine operator in the state of New Mexico.  The New Mexico 

Environment Department (NMED) issued Supplemental Discharge Permit for Closure 

DP 1341 (April 8, 2003) to PDTI for the Tyrone Mine (Tyrone).  Section III of the permit 

requires PDTI to conduct studies of Tyrone and implement mine closure and closeout 

actions as a condition of the permit.  The Revised Seepage Investigation work plan 

(Greystone 2004) describes PDTI’s proposed supplemental study to fulfill the 

requirements of Condition 81 of the permit.  Condition 81 is written in the permit as 

follows: 

 

81. Tyrone shall submit a revised seepage investigation report for the Leach Ore 

Stockpiles and Waste Rock Piles under closure conditions.  In accordance with the 

schedule approved under Condition 74, Tyrone shall submit to NMED for approval a 

work plan, including an implementation schedule, for a revised seepage investigation for 

the Leach Ore Stockpiles and Waste Rock Piles.  The study shall be designed to consider 

the data needs for Conditions 82, 83 and 89, and the results of the materials 

characterization study described in Conditions 80.  The purpose of this investigation is to 

predict, at a minimum, the quantity and quality of seepage from individual Leach Ore 

Stockpiles and Waste Rock Piles and potential associated impacts to groundwater and 

surface water following Cessation of Operation. 

 

The primary purposes of this report are to provide the preliminary results of stockpile 

material and seepage characterization investigations and to describe PDTI’s proposed 

seepage modeling approach.  Certain mine facilities, including stockpiles, will be 

reclaimed prior to the next permit renewal in 2008.  PDTI reserves the right to modify the 

conclusions of this interim and final report based on these reclamation activities.  The 

overall objectives, scope and schedule of this study are stated in sections 1.1, 1.2 and 1.3, 

respectively.  Applicable background information on the Tyrone stockpiles, related 
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reports on stockpile seepage and runoff, and other supporting studies conducted for 

closure and closeout planning are described in Section 1.4.  Section 2 provides the 

methods used for this interim investigation of the stockpile’s hydraulic properties and 

seepage and runoff quality.  PDTI’s proposed modeling methods for simulating the 

stockpile seepage flow and quality during and after mine closure are also provided in this 

section. Section 3 reports the interim results and Section 4 discusses the ongoing 

investigations.  Section 5 describes the proposed approach for prediction of potential 

impacts to groundwater and surface water and supporting analyses.  The proposed 

alternatives analysis for this study and coordination of this study with other closure 

studies is discussed in Section 6.  A bibliography of relevant documents is provided in 

Section 7. 

 

1.1 Objectives 
 
There are four primary objectives of this study.  They are: 

 

• Characterize the quality and quantity of seepage and runoff from the existing 

leach ore and waste rock stockpiles; 

• Estimate the quality and quantity of seepage and runoff from the leach ore and 

waste rock stockpiles during and after mine closure; 

• Predict the impacts to groundwater and surface water during and after mine 

closure; and 

• Provide data and analyses to support conditions 80, 82, 83, and 89 of DP-1341. 

 

This study will incorporate additional objectives, as needed, in order to support studies 

required by other conditions in Permit DP-1341 as they are implemented. 

 

1.2 Scope 
 
The scope of this study includes: 
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• Document review and database compilation; 

• Stockpile seepage and runoff characterization; 

• Stockpile and foundation hydraulic testing; 

• Evaluation of existing impacts to surface and groundwater quality; 

• Stockpile seepage and runoff quantity and quality modeling; 

• Prediction of stockpile mass loading to ground and surface water; and 

• Prediction of groundwater quality beneath stockpiles. 

 

Seepage and runoff quantity and quality from all existing leach ore and waste rock 

stockpiles at Tyrone will be evaluated. The leach ore stockpiles that will be evaluated for 

closure and closeout planning are defined in DP-1341 (NMED 2003) as follows: 

 
• No. 1 Stockpile (presently inactive); 

• Nos. 1A and 1B, Stockpiles; 

• Nos. 2 and 2A Stockpiles; 

• No. 3A Stockpile; 

• East Main; 

• Gettysburg Out Pit Stockpile; and 

• Gettysburg In Pit Stockpile. 

 

The waste rock stockpiles that will be considered in this study are, 

 

• Nos. 1C and 1D Stockpiles; 

• No. 3B Stockpile; and 

• Portions of the 2B, Savanna and Upper Main Stockpiles. 

 

The locations of these facilities are shown in Figure 1.1.  These stockpiles contain the 

majority of mine materials that will ultimately remain at the Tyrone Mine after closure. 

Hence, the potential impact to surface water and groundwater, resulting from the 
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construction and leaching of these stockpiles, will be represented by evaluating current 

impacts from cumulative seepage and runoff discharges through time.  In addition to the 

existing configurations of the stockpiles, selected stockpile regrading and reclamation 

alternatives (including the DP-1341 alternative) will be evaluated in this study.  A range 

of alternatives will be selected based on the preliminary findings of the feasibility study 

described in DP-1341, Condition 89 (NMED 2003). 

 

1.3 Implementation and Reporting Schedule 
 

Figure 1.2 presents the implementation schedule and report deliverable dates presented in 

the Revised Seepage Investigation work plan (Greystone 2004). 

 

This interim report is hereby submitted in accordance with the study’s schedule.  The 

results of additional investigations described in the Revised Seepage Investigation work 

plan will be presented in the final report. 

   

1.4 Background 
 

Tyrone is an open pit copper mine located adjacent to State Highway 90, approximately 

10 miles southwest of Silver City in Grant County, New Mexico.  The general layout of 

the existing stockpile facilities at the Tyrone Mine is shown in Figure 1.1.  Section 1.4.1 

describes the relevant stockpile facilities that will be studied for the revised seepage 

investigation.  Background information for Tyrone is provided in the Tyrone 

Closure/Closeout Plan (CCP) (M3 2001), which was submitted pursuant to the New 

Mexico Mining Act and associated rules, the New Mexico Water Quality Act, and the 

New Mexico Water Quality Control Commission regulations.  Baseline and future mine 

closure design studies were conducted in support of the CCP, including studies of leach 

ore and waste rock stockpiles.  Additional closure studies are required per Condition 74 

of Permit DP-1341.  Section 1.4.2 summarizes the relevant investigations previously 

conducted at Tyrone that support the Revised Seepage Investigation.
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1.4.1 Leach Ore and Waste Rock Stockpile Facilities 

 

Solution mining technology (Bartlett, 1992) is used to extract copper from the leach ore 

stockpiles at Tyrone.  The waste rock stockpiles are used to dispose of excavated 

materials that have sub-economic copper values.  Section 2 of the Supplemental 

Materials Characterization Study Work Plan (Greystone, 2003 ) presents updated 

descriptions of stockpile facility construction, operation, and closure methods employed 

at Tyrone, and the stockpile materials characterization studies previously conducted at the 

mine.  This section summarizes the current stockpile leaching, seepage, and runoff 

management systems at Tyrone. 

 

As shown on Figure 1.1, the Tyrone Mine contains several stockpiles located near and 

within the Main and Gettysburg pit areas.  Tyrone is permitted to discharge up to 98.3 

million gallons per day (gpd) of acidic leach solution (raffinate) on top of the leach ore 

stockpiles (NMED 2003), however the typical flow rate is substantially lower and 

averages approximately half of the allowed maximum rate.  The raffinate flows through 

the leach ore stockpile material and dissolves copper from copper-bearing minerals.  The 

copper-bearing, pregnant leach solution (PLS) then flows to the base of the stockpile and 

reports either to PLS surface collection impoundments located at the toe of the stockpiles 

within pre-mining drainage systems, to subsurface seepage interceptor systems, or to 

mine pits.  The PLS collection impoundments consist of synthetically-lined, clay-lined, 

and unlined impoundments and stainless steel tanks.  The seepage containment systems 

consist of constructed trenches that collect PLS, and wells that pump the PLS to the 

SX/EW plant for copper recovery as copper cathode.  Seepage interception systems are 

located near the No. 3 Stockpile, along Deadman Canyon, in Oak Grove Wash, and in 

Brick Kiln Gulch (Figure 1.1). 

 

The waste rock stockpiles are not subject to leaching and the seepage from these 

stockpiles is a result of natural infiltration of meteoric water that falls on the stockpile 

surfaces and that flows to the base of the stockpile.  The interceptor systems also collect 
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and pump perched groundwater contaminated by PLS and seepage from waste stockpiles.  

Stormwater runoff flows directly into the pits, or is routed via diversions to 

impoundments located near the toes of the stockpiles in the Deadman Canyon area, below 

the 1C stockpile, and in Oak Grove Wash (Figure 1.1). 

 

1.4.2 Summary of Stockpile Seepage Studies and Other Relevant Studies 

 

The completed mine closure and closeout supporting studies (M3 2001) that will be used 

to support this investigation and the types of data and information provided in these 

studies are listed in Table 1.1. 

 

This study utilizes information from the Stockpile and Tailing Pond Seepage 

Investigation (DBS&A 1999), Geochemical Evaluation of Tailings and Stockpiles 

(SARB 2000), Outslope Evaluation Mass Loading Results for the Tyrone Mine (DBS&A 

2001), and other references cited in these documents.  In addition, relevant data and 

analyses will be used from other studies compiled in the CCP (M3 2001), and non-

closure/closeout-related reports commissioned by PDTI for mine compliance, planning, 

and operations purposes. 
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Table 1.1 Reports, Documents and Data 
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Closure/Closeout Plan M3 2001 X X  X    X X X 
Stockpile Outslope Evaluation Mass Loading Results for 
the Tyrone Mine 

DBS&A 2001    X X X  X   

Summary of Long-Term Stability Analyses for Stockpiles 
and Tailing Ponds at the Tyrone Mine 

Golder 2001 X   X X  X    

Prediction of Impact on Water Quality DBS&A, 2000  X X     X X X 
Cover Design Study Status Report DBS&A 1999a   X   X X X   
Stockpile and Tailing Pond Seepage Investigation DBS&A 1999b  X  X X X  X   
Geochemical Evaluation of Tailings and Stockpiles SARB, 1999    X X X  X   
Preliminary Materials Characterization DBS&A, 1997a    X X X     
Supplemental Materials Characterization Study DBS&A, 1997b    X X X     
Borrow Materials Investigation DBS&A 1997c X   X X      

 
CCP = Closure/Closeout plan 
DBS&A = Daniel B. Stephens & Associates, Inc. 
Golder  = Golder & Associates, Inc 
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2.0 INVESTIGATION PROCEDURES 

 
This section describes the methods used to characterize stockpile seepage (Section 2.1) 

and describes the models and modeling methods that PDTI proposes to use to simulate 

stockpile seepage flow and seepage quality after mine closure (Section 2.2). 

 

2.1 Seepage Characterization  

 

Stockpile seepage is being characterized through field and laboratory investigations as 

described in sections 2.1.1 and 2.1.2, respectively. 

 

2.1.1 Field Procedures  

 

Eight infiltration (percolation) tests were conducted on the Tyrone stockpiles.  The 

infiltration tests were conducted from March 9th through March 16th 2005 on various 

stockpile bench surfaces throughout the mine site.  Most of the benches were cut into 

existing stockpiles during remining activities and the test sites had been buried by one or 

more lifts of material prior to excavation, but one test was conducted on a stockpile top 

surface that has never been buried.  The infiltration tests consisted of seven falling head 

tests and one constant head test, which are described in greater detail in Appendix A.  

 

2.1.2 Laboratory Procedures  

 

Two types of laboratory tests were used to evaluate stockpile seepage.  They included 

hydraulic testing and meteoric water mobility testing.  A brief description of these lab 

tests is provided below. 
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Hydraulic Testing 

Laboratory hydraulic testing was conducted on stockpile samples collected from the same 

bench materials subjected to the field infiltration tests.  The method used for collection of 

stockpile samples and the laboratory testing procedures conducted are described in 

Appendices A and B.  Twenty four stockpile samples were tested at the Daniel B. 

Stephens and Associates laboratory to determine moisture content, bulk density, porosity, 

saturated and unsaturated hydraulic conductivities, particle-size distributions, and soil-

water characteristic curves (Appendix B).  These samples were collected for lab testing to 

characterize the unsaturated as well as saturated hydraulic properties of the matrix 

materials in the stockpiles for the purpose of seepage modeling.  Water percolation 

through the stockpiles occurs predominately through the finer grained matrix as the 

oversize materials have relatively low intrinsic hydraulic conductivity (DBS&A 

1999a,b). 

 

Meteoric Water Mobility Procedure Testing  

In 2004 regrading of the No. 1C stockpile was conducted in accordance with DP-1341 

requirements.  Stockpile samples were collected from the No. 1C Stockpile bench cuts 

for the purposes of the DP-1341, Condition 80 and 78 studies.  Splits of these samples 

were subjected to a laboratory static leach test using the Meteoric Water Mobility 

Procedure (MWMP) according to ASTM E2242-02.  This test was developed by the 

Nevada Department of Environmental Protection [NDEP] (1990) to determine the 

mobility of chemical constituents from soluble salts generated by leaching and 

weathering in mined materials.  These tests are conducted at a water-to-rock ratio (by 

weight) of 1 to 1 to simulate the interaction between natural meteoric precipitation and 

the stockpile material.  The leach extracts and any pore waters collected from the 

boreholes were measured for the following parameters or constituents: pH; EC; TDS; 

total alkalinity; HCO3
-; CO3

-2 acidity; SO4
-2; and other COCs specified in DP-1341 

Condition 56 (a through c).  As such, these results are used in geochemical models to 

provide a preliminary indication of seep water quality from the waste rock stockpiles and 

supplement data from water quality monitoring occurring at toe collection facilities. 
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The MWMP test is also being conducted on the stockpile borehole samples collected as 

part of the DP-1341, Condition 80 study.  These more comprehensive results will be 

presented in the final report for that study and will be available for the Revised Seepage 

Investigation’s ongoing studies 

 

2.2 Seepage Modeling 

 

This section describes PDTI’s proposed modeling approach to simulate stockpile seepage 

quantity and quality for the purpose of NMED review.  Computer modeling of reactive 

transport in waste rock piles is a very complex subject, and a comprehensive review of 

the subject matter is beyond the scope of this document.  The intent of this section is to 

provide recommendations based on the current modeling practices applied to mine 

stockpile and acid rock drainage (ARD) systems, as described by researchers in the field 

and by regulatory precedents.  Modeling is necessary to evaluate post-closure seepage 

from the leach ore stockpile and waste rock stockpiles because the future state of these 

systems is expected to be different from the current state.  However, the models will be 

calibrated using seepage quality measurements. 

 

2.2.1 Modeling Objectives 
 

The most important part of any modeling study is to formulate well-defined objectives 

and scope (Alpers and Nordstrom 1999). 

 

PDTI proposes the following modeling objectives: 

 

• Simulate leaching and weathering reactions in stockpiles; 

• Simulate leachate and seepage quantity at existing collection systems; 

• Simulate post closure leachate and seepage quality at seepage collection systems; 

• Calibrate model to observed seepage quantity and quality; 
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• Estimate post closure stockpile mass loading to groundwater; 

• Determine the existing and post closure distribution of mass loading; and 

• Evaluate the potential groundwater impacts for alternative closure designs. 

 

The first objective also will support the Supplemental Stability Study which will be used 

to determine the effects, if any, of rock alteration on stockpile outslope stability.  

Objectives two through five are requirements of DP-1341, Condition 81.  The last 

objective will be conducted in support of Condition 89. 

 

2.2.2 Modeling Scope 
 

All existing waste rock and leach stockpiles at Tyrone will be evaluated in the modeling 

study.  However, some of these stockpiles will be reclaimed prior to the next permit 

renewal.  The existing boundaries of these facilities are shown on Figure 1.1.  In addition 

to the existing configurations of the stockpiles, selected reclamation alternatives will be 

evaluated in this study based on the preliminary findings of the feasibility study (DP-

1340, Condition 93). 

 

Three distinct post-closure periods will be simulated: 

 

• Mine closure drain down period (approximately 10 years); 

• Transition period (approximately 100 years); and 

• Steady state period (greater than 100 years). 

 
The constituents to be simulated include those stipulated in Condition 56 (a,b, and c) of 

DP-1341 provided that sufficient data exists for model calibration. 

 

2.2.3 Model Selection 
 

The following modeling selection criteria are proposed to ensure that the modeling can be 
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feasibly completed according to the investigation schedule presented in the Condition 81 

work plan (Greystone, 2004), given the objectives and scope described above. 

 

• Model(s) must be generally accepted by scientists and regulators; 

• Code execution with reasonable run-times on a desk-top computer; 

• Model input requirements are compatible with existing datasets; 

• Efficient post processing such that the input/output can be managed rapidly; 

• Graphical capabilities for rapid data display and analysis and communication of 

results; and 

• Output data structure that can be rapidly manipulated into spreadsheet and input 

files for other computations and simulations. 

 

The last criteria will facilitate incorporation of stockpile mass loading outputs into the 

Feasibility Study (Condition 89) (Golder, 2004). 

 

The documents listed in Table 2.1 provide guidance on model selection, development and 

application.  These documents also provide recent summaries of computer codes 

applicable for the modeling of acid rock drainage and mine water quality.  

 

Geochemical and reaction-transport modeling is a rapidly evolving field of study, and the 

state-of-the-art is always beyond even the most recent modeling reviews by the time that 

they are published.  The Acid Drainage Technology Initiative (ADTI) modeling 

committee is conducting a literature survey of existing predictive models for acid rock 

drainage systems, and will write two workbooks or guidance manuals on geochemical 

modeling and coupled geochemical-transport modeling (ADTI 2003).  The ADTI review 

is still in progress but considers over 50 geochemical transport and geochemical reaction 

codes that have the capability of simulating the most important processes in ARD 

formation. 

 

The general comments found in these modeling summaries that are relevant to the 



Revised Seepage Investigation                                                                                    July 29, 2005
Project #PD0447                                                                                                        Interim Report
  

  
EnviroGroup Limited                                                                                                    15 

Condition 81 study are: 

 

• The current state of the art allows simulation of stockpile heat and fluid flow 

and geochemical reaction and reactive transport, but coupling of these 

processes is demanding in terms of time and resources. 

• Mass transfer (geochemical reaction) models coupled with reactive transport 

are most important for simulating ARD impacts to surface water and 

groundwater quality. 

• Due to the limited number of processes simulated the far post-closure 

predictive capabilities of “engineering type” models (i.e. empirical models) 

are limited. 

 

Table 2.1: Modeling Guidance and Summaries 
 

 
Title Year Authors Publisher 

Draft Guidance on the 
Development, Evaluation, and 
Application of Regulatory 
Environmental Models 

2003 
P. Pascual 
N. Stiber 

E. Sunderland 

Office of Science Policy, 
Office of Research and 
Development 

Quality Assurance Project Plans 
for Modeling 2002  U.S. Environmental Protection 

Agency 
MiMi – Overview of models for 
biogeochemical modeling of acid 
mine drainage 

1999 S. Salmon MiMi Research Programme, 
MiMi Print 

Geochemical Modelling – A 
review of current capabilities and 
future directions 

1999 J. Crawford Swedish Envrinomental 
Protection Agency 

Geochemical modeling of water-
rock interactions in mining 
environments 

1999 C.N. Alpers 
D.K. Nordstrom 

Society of Economic 
Geologists 

Reactive transport in porous media 1996 
P.C. Lichtner 
C.I. Steefel 

E.H. Oelkers 

Mineralogical Society of 
America 

Critical review of geochemical 
processes and geochemical models 
adaptable for prediction of acidic 
drainage from waste rock. 

1995 

E. Perkins 
H. Nesbitt 

W.D. Gunter 
L.C. St-Arnaud 

J.R. Mycroft 

Mine Environment Neutral 
Drainage (MEND) Program. 
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The first general comment recognizes that fully coupled transport codes that can simulate 

heat and fluid flow and geochemical reactions are at the forefront of computer model 

development at academic and government research institutions.  These codes are not yet 

commonly used for regulatory decision making because even many of the existing and 

well established reaction-transport models are prone to numerical problems (Alpers and 

Nordstron, 1999).  This makes it difficult to rapidly conduct sensitivity and uncertainty 

analysis with fully coupled models, especially when multiple alternatives need to be 

simulated.  Therefore, it is important to simplify models to the degree possible such that 

they represent the most important system processes without loosing the capability of 

making meaningful predictions (Pascual et al., 2003). 

 
The second and third comments emphasize that computer modeling efforts should be 

directed towards simulation of the most important geochemical processes in ARD 

formation as listed below (Perkins et al., 1995): 

 

• Mineral precipitation and dissolution; 

• Chemical diffusion; and 

• Surface reactions. 

 

Geochemical reaction kinetics is controlled by chemical diffusion and surface reactions, 

which also includes pyrite oxidation reactions.  These reactions may also be 

microbiologically catalyzed and mediated.  Mineral precipitation is important in waste 

rock piles because sulfate salts, such as jarosite, may accumulate as pyrite oxidation 

occurs (Cathles, 1994).  These salts contain residual acidity and constituent masses that 

may affect the water quality of runoff or flushing events caused by rainstorms.  Mineral 

dissolution is also important because weathering of feldspars and other gangue minerals 

may contribute towards the long-term alkalinity of the system (Nicholson, 2003).  The 

attendant mineral replacement reactions may also affect the physical properties of the 

stockpiles. 

 

For transport of constituents generated by ARD, the processes shown in Figure 2.1 are 
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the most important, and the relative importance of these processes is dependent upon site-

specific conditions like climate and cover design.  Drying and wetting are the most 

important physical processes that affect water chemistry by concentrating aqueous 

solutions to the point of precipitating solids and subsequently dissolving and removing 

these solids from solution contact (Perkins, et al., 1995).  Drying and wetting occurs as a 

result of non-steady moisture movement through the stockpile, such as during drain-down 

of leach solutions from a leach ore stockpile at mine closure. 

 

Based upon its review of the modeling guidance documents, PDTI recommends 

decoupling the heat and fluid flow models from the geochemical reaction simulations for 

the practical purpose of stockpile seepage modeling.  Geochemical reaction path 

simulations can be used to determine the transport of constituents along distinct flow 

paths described by the independent flow model (Zheng and Bennet, 1995).  This method 

avoids the difficulties associated with fully coupled models and allows for rapid 

simulation with variable input parameters.  Therefore, PDTI recommends that the heat 

and fluid flow modeling and geochemical reaction path or reactive transport modeling be 

conducted separately as described in Sections 2.2.4 and 2.2.5, respectively. 

 

2.2.4 Runoff and Seepage Modeling 
 

Runoff and seepage modeling may be used to determine the water mass balance and the 

seepage flow paths in stockpile systems given the following site-specific input 

parameters: 

• Stormwater flow data and weather data; 

• Post closure infiltration rates through alternative stockpile covers; 

• Alternative post-closure stockpile configurations; and 

• Internal temperature, oxygen, and moisture monitoring results. 

 

Constituent mass transfer by runoff and down stream surface and groundwater quality 

impacts will be mitigated by the cover and storm water containment systems.  However 
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the runoff quantity must be estimated in order to predict infiltration.  This will be 

determined as part of the cover design and test plot studies (Conditions 75 and 76).  In 

addition, runoff quantity and quality estimates based upon field measurements will be 

used for base case modeling and seepage flow calibration for uncovered stockpiles.   

 

Heat transfer and gas flow are also important processes for determining seepage water 

quantity and flow directions in some sulfide-bearing stockpiles.  However, based upon 

observations of relatively low temperature gradients within most of the leach ore and 

waste rock stockpiles at Tyrone, heat transfer and gas convection are likely to be a minor 

processes in the water balance equations and will not be considered in the modeling 

analysis. 

 

The two primary constituent transport mechanisms are fluid flow (advection) and 

diffusion.  In many subsurface systems in the near earth surface, advective transport 

dominates diffusive transport because of precipitation-induced recharge.  However, the 

cover studies will evaluate the feasibility of reducing the infiltration rate through the 

stockpiles to less than or equal to 1% of mean annual rainfall.  Under very low flow 

conditions (less than 1 cm per year) the rate of constituent transport by diffusion may 

become equal to or greater than the rate of transport by advection even for long 

timeframes.  Under these conditions stockpile seepage quality and mass loading will 

become independent of the rate of infiltration.  It is conceivable that these conditions will 

occur within waste rock stockpiles. 
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For leach ore stockpiles, draindown of residual process solutions may be a significant or 

predominant constituent transport process.  Draindown will be estimated from empirical 

data obtained from leach solution flow rates to toe collections systems, according to the 

closure designs evaluated by the feasibility study (DP-1341, Condition 89).  As 

draindown proceeds after closure, the downward drainage flux declines asymptotically as 

water content in the stockpile decreases.  Therefore, long term drainage may need to be 

predicted on the basis of empirical or analytical models such as those that describe 

internal drainage in soils (Hillel, 1998). 

 

After the preliminary results from the cover design studies are made available, 

supplemental analyses and scoping modeling runs will be conducted to determine what 

types of additional analyses and simulation are necessary.  If deemed necessary by these 

analyses, fluid flow models will be developed for distinct hydrogeologic units in each 

stockpile.  These units will generally correspond to the underdump drainage systems as 

depicted in Figure 2.1.  The drainages will be modeled separately where sufficient 

seepage flow information is available for calibration. 

 
There are several models that simulate fluid flow in unsaturated systems that have been 

subject to rigorous scientific and regulatory agency reviews (Crawford, 1999).  One of 

the earliest and most widely used models is TOUGH-2 (Pruess, 1991) and modifications 

to that code.  This model was developed by Lawrence Livermore Laboratories for 

simulation of nuclear waste disposal systems.  Recently TOUGH-2 has been adapted for 

applications in simulations of heat and mass transfer in sulfide mine waste piles (Wels et 

al., 2003). 

 

PDTI recommends the use of the TOUGH-2 or similar codes if numerical modeling is 

determined to be necessary to meet the overall objectives of the Condition 81 and related 

DP-1341 studies.  In some stockpile alternatives, where very low infiltration can be 

demonstrated, fluid flow modeling may not be necessary.  Under these conditions, 

draindown flow estimates and geochemical modeling can be used to predict mass loading 

to a sufficient level of accuracy to meet the objectives of Condition 81 and related 
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studies. 

 

2.2.5 Geochemical Modeling 
 

Most model reviews do not provide a specific recommendation on computer codes that 

are most suitable for ARD and mine water quality simulation.  Two reviews provide 

indications of existing codes that have advantageous capabilities in terms of geochemical 

reaction simulations.  The report by Salmon (1999) reviews the relative capabilities and 

merits of 44 models developed to simulate acid rock drainage (ARD) and predict its 

impacts on water quality.  The models are categorized and the strengths and weaknesses 

were evaluated and tabulated.  Of the 44 models reviewed, five were selected for more 

detailed analysis for potential applications in predicting ARD.  Of these five, two were 

recommended as having the most potential for ARD prediction: 

 
• The empirical model developed by White and Jeffers (1993); and 

• The numerical model EQ3/6 (Wolery, 1992). 

 

The code EQ3/6 has been used as part of the modeling analysis used in the Prediction of 

Impact on Water Quality study (DBS&A, 2000) and the Outslope Evaluation study 

(DBS&A, 2001).  The EQ3/6-based model used for these studies also used the concept of 

adjusting the humidity cell data for interstitial water contents typical of field conditions.  

This methodology is used in the White model (White and Jeffers, 1993). 

 

Salmon describes the EQ3/6 code as being a general geochemical simulator, meaning that 

it has a wide range of geochemical simulation applications including ARD prediction and 

prediction of impact on groundwater quality.  The model developed by White was not 

intended to model waste-rock dumps, but rather to model acidic drainage potential for 

discrete waste-rock types based on drill core and bulk samples (White and Jeffers, 1993).  

Furthermore, it cannot predict stockpile seepage water quality. 

 
Crawford (1999) recommends the application of mass transfer geochemical models such 



Revised Seepage Investigation                                                                                    July 29, 2005
Project #PD0447                                                                                                        Interim Report
  

  
EnviroGroup Limited                                                                                                    22 

as EQ6 and PATHARC on well-defined oxidizing waste rock field or laboratory systems.  

Furthermore, EQ6 is a “path-finding” code (Alpers and Nordstrom, 1999).  Path finding 

codes are advantageous because they are not subject to the bias of a user-defined 

heterogeneous system.  Many of the other models commonly used for mine water 

simulations, such as PHREEQC, are not path finding codes and the range of outcomes is 

constrained by the operator’s definition of the system.  Path finding is especially 

important for long-term predictions when future stockpile conditions are not known a-

priori. 

 

Based upon these reviews PDTI recommends the modeling platform the Geochemists 

Work Bench (GWB) which has kinetic reaction path simulation and reaction path finding 

capabilities that are similar to EQ3/6 and utilizes the same thermodynamic databases.  

These databases are the most comprehensive and have the highest internal consistency of 

any databases in the world. 

 

GWB is a proprietary package of geochemical modeling software developed by Dr. 

Bethke at the University of Illinois (Bethke 2004a).  The codes in GWB can simulate all 

of the ARD processes listed in section 3.5.4 above.  It also provides rapid input output 

and graphing capabilities based on a graphical user interface.  GWB has the capability to 

not only simulate reactions paths, but also has rapid path tracing and display capabilities 

to quickly render output as graphs for rapid and higher quality interpretation.  For 

example, rapid generation of Eh-pH diagrams is a capability of GWB through the use of 

the model Act2. 

 

The GWB modeling platform is being used for ARD prediction at educational, 

government, and private institutions.  For example, Kim Lappakko’s research team at the 

Minnesota Department of Natural Resources currently uses the GWB to support the 

laboratory kinetic testing and field application work being conducted at that laboratory 

(Berndt, 2004). 

 



Revised Seepage Investigation                                                                                    July 29, 2005
Project #PD0447                                                                                                        Interim Report
  

  
EnviroGroup Limited                                                                                                    23 

The Xt software package, included in most recent version of GWB Professional release 

has numerical reactive transport simulation capabilities in reacting geochemical systems 

in one and two dimensions (Bethke, 2004b).  The capabilities now represented in GWB 

Professional covers the following processes occurring in stockpiles. 

 
• Mass transport by advection, diffusion and dispersion; 

• Fluid discharge at fixed or evolving rates owing to changes in permeability and 

viscosity; 

• Isothermal and polythermal models for all expected temperature ranges ; 

• Homogeneous and heterogeneous material domains and initial conditions; 

• Specification of kinetic rate laws including catalysis; 

• Microbial metabolism and growth; 

• Surface complexation and sorption; 

• Redox equilibrium and disequilibrium; 

• Activity models for high total dissolved solids concentrations; 

• Gas buffering; and 

• Equilibrium and kinetic heterogeneous reactions. 

 
This extended capability allows for multilayer, stockpile seepage quality simulation and 

prediction of groundwater quality.  The graphical capabilities also allow for direct display 

of concentration gradients in the system. 

 

For long range modeling predictions, it cannot be assumed that the internal conditions 

within the stockpiles will remain constant.  If the cover used in a semi-arid or arid 

environment does little to reduce the overall sulfide oxidation rate, then the water 

consumed in the chemical reactions can become a large fraction of the infiltration rate 

(Pantelis, et al., 2002).  In addition, chemical precipitation of solids, decrepidation and 

illuvial processes will tend to fill larger voids in the stockpiles with finer particles, which 

will change the distribution of hydraulic properties within the pile (Murr, 1980).  Unlike 

most geochemical transport models, GWB has the capability of calculating reaction water 

balance, and predicting changes in hydraulic properties owing to changes in porosity and 
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permeability as a result of chemical reaction feedback mechanisms.  The significance of 

these processes will be considered as part of the modeling task for the Condition 81 

study. 

 

2.2.6 Modeling Quality Assurance Plan 

 

Model development, calibration, sensitivity and uncertainty analysis and documentation 

will follow the guidance documents listed in Table 2.1.  A modeling quality assurance 

plan will be submitted to the NMED prior to the onset of modeling.  Because GWB is a 

proprietary modeling platform the issue of transparency needs to be addressed.  However, 

the model is now widely used and accepted at Universities and research institutions.  

Therefore, guidelines for evaluating proprietary models will be followed, including cross-

checking GWB results with those produced by EQ3/6.  A published benchmark 

geochemical model input dataset and model output, that is applicable to mine site 

geochemical systems, will be used for cross-checking purposes. 
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3.0 RESULTS 

 

The results of field testing and laboratory testing are provided in sections 3.1 and 3.2, 

respectively. 

 

3.1 Field Testing 
 

Table 3.1 provides the saturated hydraulic conductivities (Ksat) calculated for each 

stockpile infiltration test described in Appendix A.  The Ksat values ranged from 2.5 E-

05 to 2.4 E-03. 

 

Table 3.1 Summary of Stockpile Infiltration Tests 
 

Test ID Infiltration Test Type 
 (Falling head/Constant head) 

Saturated Hydraulic Conductivity 
Ksat (cm/sec) 

No. 1C Stockpile 
  1C-T1 Falling  1.57 E-04 
  1C-T2 Falling 2.15 E-04 
  1C-T3 Falling 9.74 E-05 
Savanna Stockpile 
  Savanna-T4 Constant 2.4 E-03 to 3.9 E-03 
  Savanna-T8 Falling 4.80 E-04 
No. 3B Stockpile 
  3B-T5 Falling 4.78 E-05 
No. 2B and 2C Stockpiles 
  2B-T6 Falling 2.54 E-05 
  2C-T7 Falling 4.78 E-05 
 

 

These values are generally lower by one to two orders of magnitude than the range of 

values measured during earlier field infiltration tests conducted for the Cover Design 

Study (DBS&A, 1999a).  The new tests were conducted primarily within interior sections 

of the stockpiles that had been previously buried prior to excavation.  Only the top 

surfaces of stockpile materials were tested as part of the Cover Design study. The lower 

stockpile interior saturated hydraulic conductivities may be attributed to the compaction 
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that occurred as a result of material burial and overburden loading.  The saturated 

hydraulic conductivity measured during one test conducted on the top surface of the No. 

3B Stockpile was also low because of very heavy truck traffic and compaction. 

 

3.2 Laboratory Testing 

 

The laboratory results for both hydraulic testing and meteoric water procedure testing are 

discussed in sections 3.2.1 and 3.2.2, respectively. 

 

3.2.1 Hydraulic Testing 
 

The results of the laboratory hydraulic testing of the stockpile materials are provided in 

Appendix B.  In general the range of hydraulic properties found in these samples is 

similar to those reported for stockpile materials in the Cover Design Study (DBSA, 

1999).  The median saturated hydraulic conductivity determined through laboratory 

testing was one to two orders of magnitude higher or lower than the field test values for 

the same site.  This indicates that larger scale macropores and other field scale structures 

are controlling flow in the stockpiles.  These results will be discussed in more detail in 

the final report.  

 

3.2.2 Meteoric Water Mobility Procedure Testing 
 

The results of the MWMP testing performed on the No 1C Stockpile cut bench samples 

are provided in Appendix C.  The results for these materials shows that the paste pH 

ranges between 2.72 and 5.23.  The final extract pH ranges between 2.45 and 4.71.  The 

initial pH of the distilled deionized water was approximately 4.83.  Therefore all of the 

materials sampled are capable of producing some acid when meteoric water contacts the 

rock.  The acidity of the extract solution ranged from less than 1 to 10,700 

milliequivalents per liter (meq/l).  There was no detectable alkalinity in any of the 
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extracts.  The calculated TDS of the extracts ranged from 1260 to 17800 milligrams per 

liter (mg/l) and the sulfate concentrations ranged from 856 to 10700 mg/l.  The leach 

extracts with the highest TDS and sulfate had the lowest extract pH values. 

 

The constituents F, Al, Cd, Co, Cu, Mn, Ni and Zn were detected in all of the extracts.  In 

some of the MWMP extracts B, Ba, Be, Fe, Mo, and Pb were also detected.  The 

concentrations of the constituents F, Al, Cu, Mn, and Zn were consistently high and 

ranged from a few ppm to over 1000 ppm 

 

The results of additional MWMP testing on stockpile samples collected from boreholes 

will be discussed in the final report. 
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4.0 DISCUSSION 

 
This interim report provides some of the preliminary data gathering results which will be 

discussed in detail in the final report.  Section 4.1 describes the seepage flow monitoring 

that is being conducted to support the seepage flow modeling investigations.  Section 4.2 

describes the seepage quality monitoring data available for this investigation and 

calibration of the geochemical model. 

 

4.1 Seepage Flow Monitoring 
 
Seepage and runoff quantity and flow measurements are conducted in accordance with 

monitoring requirements per PDTI’s operational discharge permits.  This information is 

reported to the NMED quarterly and annually.  Recognizing the variable nature of 

stockpile runoff and seepage flow resulting from precipitation events, PDTI will conduct 

supplemental flow measurements and seepage sampling when and where feasible.  The 

benches of the Tyrone stockpiles are graded so that runoff flows toward the stockpile 

interior and collects at the break in the stockpile slope when heavy rainfall occurs.  For 

most precipitation events, runoff water infiltrates quickly into the stockpiles and 

evaporates at the surface. 

 

Daily meteorological data will be recorded per Condition 55, and as specified in the 

Cover Test Plot Study Work Plan for Condition 76 (Tetra Tech 2003).  Flows and quality 

of seepage into the 5E collection ponds were monitored as part of the Stockpile and 

Tailing Seepage Investigation (DBS&A 1999b), and similar monitoring systems will be 

used for this study. 

 

4.2 Seepage Quality Monitoring 
 

In addition to the meteoric water mobility testing on stockpile samples, sampling of water 

quality data occurs on a quarterly and annual basis in accordance with PDTI’s discharge 
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plan (DP) permits.  For example, stockpile seepage quality is presently monitored in the 

No. 3A Leach Stockpile and East Mine areas for existing Discharge Plans 286 and 

pending DP 896, respectively.  Additional seepage sample collection and analysis will be 

conducted, where needed, to achieve the data quality objectives specified in DP-1341, 

Condition 43, and other relevant conditions called out in the permit.  This data is 

compiled into the Environmental Data Management System for Phelps Dodge New 

Mexico operations, which includes the Tyrone mine.  This database also includes 

stockpile seepage water quality monitoring data.  This data will be used in the final 

report’s evaluation of seep water quality from leach ore and waste rock stockpiles and for 

seepage model calibration. 

 
Surface water, including stockpile runoff flow will continue to be monitored according to 

DP-1341 Condition 48.  After rainfall events, water quality samples will be collected 

directly from the stockpile surfaces along benches and depressions where the runoff 

water collects.  
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5.0 PREDICTION OF IMPACTS 

 

A prediction of the potential impacts to groundwater and surface water quality will be 

based on a stockpile mass loading analysis (Section 5.1) and a source area groundwater 

transport model (Section 5.2). 

 

5.1 Mass Loading 
 

The mass loading of a constituent from a stockpile facility is equal to the volumetric 

discharge of seepage from the stockpile times the predicted concentration of a constituent 

(DBS&A 2001).  Mass loading estimates will be used as an indicator of the potential 

impact to water quality from stockpile seepage and runoff, and in transport models to 

predict ground and surface water quality.  The results of the modeling described in 

Section 3.3 will be used to calculate revised estimates of mass loading for the Tyrone 

stockpiles.  The runoff and seepage flow modeling will estimate the discharge of seepage 

from the stockpiles.  The geochemical model will estimate the concentration of concern 

(COCs) in the seepage and runoff.   

 

The distribution of mass loading beneath each stockpile to the top of the water table in its 

existing and alternative closure configurations will be calculated using a database of the 

seepage flow and geochemical transport model results for each stockpile.  These results 

will be integrated using a geographic information system (GIS) for the Tyrone stockpiles.  

The GIS will be used to generate maps that illustrate mass loading distributions across the 

base of the stockpiles, and these maps will be presented in the final report.  The existing 

masses of dissolved constituents in impacted groundwater will be estimated and used to 

calibrate the mass loading model.  This analysis will also be used to compare the 

performance of closure alternatives. 
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5.2 Transport Model 
 
The mass loading inputs will be integrated into a simplified transport model to simulate 

groundwater quality directly beneath the stockpiles.  The extent of the transport domain 

will be sufficient to provide source area estimates for a more extensive analysis of 

groundwater quality being conducted for the Supplemental Groundwater Study, per DP-

1341, Condition 82 (DBS&A 2003).  The stockpiles’ mass loading will be dissolved into 

the vertical groundwater column beneath the stockpiles through simulated mixing and 

attenuation processes.  The zone of impacted water beneath the water table will be varied 

according to bounding estimates of the thickness of the regional water table and the 

estimated depth of dissolved mass distribution.  The travel time from the base of the 

stockpile to the water table and loading rate of the constituents will be evaluated based on 

the depth to the water table, bedrock properties, and other site specific conditions.  The 

travel time estimates and mass flux rates can be used to simulate the transition from 

present day to a post-closure steady state condition.  This condition will be governed 

largely by the average draindown rate and infiltration rate into the covered or uncovered 

stockpile surfaces. 

 

Updated water level, groundwater velocity, and porosity data from the Condition 82 

study will be used in the transport simulations for existing mine site conditions.  In 

addition, seepage fractions (fraction of stockpile seepage in a surface or groundwater 

sample) can be estimated using geochemical analyses such as the Mg concentrations in 

impacted and background groundwater (Bartlett 1992).  The estimated seepage fractions 

can be used to determine the existing seepage and mass loading rates for calibration of 

the transport model through comparison with existing groundwater quality data. 
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6.0 ALTERNATIVES EVALUATION 

 

The stockpile closure alternatives to be modeled, including the provisional alternative 

stipulated by DP-1341, will be developed in conjunction with the Feasibility Study 

(Condition 89).  The long-term mass loading and water quality impacts will be evaluated 

for a period consistent with the design life of the other facilities associated with mine 

closure.  For example, the bonding requirement associated with water treatment is for 100 

years.  We will use best methods and current practice to predict mass loading and water 

quality impacts for a period determined from the closure alternative development process 

conducted for the Feasibility Study (Condition 89).  The overall performance objectives 

and conceptual designs for closure and reclamation of the major facilities at Tyrone will 

be based on the outcome of the supplemental supporting studies required in Supplemental 

Permit DP-1341 (NMED 2003), including this study. 

 

The models will be used to estimate the mass loading and the groundwater quality 

beneath the stockpiles during and after mine closure for the selected alternative 

reclamation scenarios.  The scope of the alternatives evaluation includes the provisional 

reclamation guidelines set forth in DP-1341.  The results of the evaluation will be 

presented in the final report and will be incorporated into the Condition 82, 83, and 89 

studies in a timely fashion.  
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1.0 INTRODUCTION 
 

Eight infiltration (percolation) tests were conducted at the Phelps Dodge Tyrone Mine 

located in Tyrone, New Mexico.  The infiltration tests were conducted from March 9th 

through March 16th 2005 on various stockpile bench surfaces throughout the mine site.  

The antecedent ground conditions were very moist as a result of heavy rains that had 

fallen in the winter months prior to testing.  Most of the benches were cut into existing 

stockpiles during re-mining activities and the test sites had been buried by one or more 

lifts of material prior to excavation.  One test (3B-T5) was conducted on a stockpile top 

surface that has never been buried but had seen heavy truck traffic. 

 

The infiltration tests consisted of seven falling head tests and one constant head test, 

which are listed below.  The first identifier of the infiltration test ID is the stockpile 

number where the test was conducted, followed by the test number.  Figure 1.1 provides 

the test site locations.  Two falling head tests, 1C-T1 and 1C-T2, were conducted on top 

of bedrock that was exposed beneath stockpile material and the remaining tests were 

conducted on benches cut into stockpile materials. 

 

Infiltration Test Sites 

 

1C-T1 

1C-T2 

1C-T3 

Savanna-T4 (constant head) 

3B-T5 

2B-T6 

2C-T7 

Savanna-T8 
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2.0 PROCEDURES 
 

The following sections describe the procedures that were used to complete the infiltration 

tests. 

2.1 INFILTRATION TEST PROCEDURES (Falling and Constant Head) 
 

After the initial test set up on 1C-T1 to determine the best method for conducting the 

infiltration tests, each test was set up in a similar manner and was completed on the same 

day. 

 

Each test site was excavated to a depth ranging from approximately 8 inches to 1 foot 

below the existing ground surface.  The horizontal dimensions of each test site were 

approximately 8 foot x 8 foot (square).  The upper (top) section of a plastic tank was used 

as the ring for these tests.  The modified tank was approximately 7 feet in diameter and 

approximately 2 feet tall.  Each test area was leveled before placing the modified tank 

directly in the excavated area.  After placing the tank at each test site, dry bentonite 

pellets were packed around the outside of the tank.  The area outside the tank was 

backfilled with native soils to the existing ground surface and the tank was filled with 

water to approximately 1 to 1.5 feet above the base of the tank.  The flow of water was 

carefully monitored while filling the tank to avoid any possible scouring of soils.  

Bentonite was hydrated and usually sealed within 30 minutes, as most of the seepage 

slowed from initial rates (observed by wet soil on surface or visible flows on the surface) 

or stopped due to the sealing properties of the bentonite.  Once seepage appeared to slow 

or visible observations could no longer detect seepage, the tank was filled with water to 

the desired height to conduct the infiltration test.  

 

Seven of the eight tests conducted were falling head tests and the following paragraph 

describes the procedure for those tests.  The constant head test procedure is described 

following the falling head test procedure. 

 

 1
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Falling Head Test - Water level (head) measurements were observed from a pre-marked 

location on the tank (top of water elevation in tank) and were recorded in tenths to the 

nearest hundredth of a foot (i.e. 1.05’) as the water in the tank infiltrated the soils beneath 

the tank (falling head).  The appearance of the water in most tests was tan to brown in 

color, cloudy, very turbid and contained some organic debris. 

 

After the water elevation measurements were recorded and the test was completed, water 

remaining in the tank was drained by excavating an area in close proximity to the tank.  

Once all water was drained, the tank was removed and the area below the test was 

excavated using a backhoe.  The wetted zone beneath each test site (below bentonite 

layer or top of ponding surface) was observed and recorded as well as the general 

lithologic description of the stockpiled soils or bedrock. 

 

Constant Head Test - Water level (head) measurements were observed from a pre-

marked location on the tank (top of water elevation in tank) and were recorded in tenths 

to the nearest hundredth of a foot (i.e. 1.05’) as the water in the tank infiltrated the soils 

beneath the tank.  Constant head conditions were obtained (as best that could practically 

be obtained) as water flowed from a water truck, via a hose, through a flow meter, which 

measured flow in gallons per minute to the nearest tenth of a gallon (i.e. 2.1 gallons per 

minute) then into the tank.  Changing water flow (velocity) was also recorded while 

constant head conditions were obtained.  The appearance of water in the constant head 

test was tan to brown in color, cloudy, very turbid and contained organic debris.   

 

After the water elevation measurements were recorded and the test was completed, water 

remaining in the tank was drained by excavating an area in close proximity to the tank.  

Once all water was drained the tank was removed and the area below the test was 

excavated using a backhoe.  The wetted zone beneath each test site was observed and 

recorded as well as the general lithologic description of the stockpiled soils or bedrock. 
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2.2 SOIL SAMPLING AND ANALYSIS 
 

Soil samples from each test site were typically collected from representative zones at 3 

discrete depths below the base of the tank.  One sample was collected from the wetted 

zone, with the second sample usually collected from the area directly below the wetted 

zone and the third sample usually collected below the second sample location (depth) or 

lowest interval of each excavated area. 

 

Each soil sample was placed into a gallon size Ziploc bag, double bagged, labeled, 

documented on a chain of custody (COC) and placed in a shipping container.  The 

samples were hand delivered to Daniel B. Stephens & Associates Laboratory located in 

Albuquerque, New Mexico at the completion of all infiltration testing.  Soil samples were 

requested to be analyzed for particle size analysis (PSA - sieve + hydrometer) by ASTM 

D422, saturated hydraulic conductivity by ASTM D2434/D5084, initial volumetric water 

content by ASTM D2216/D4643, dry bulk density by ASTM D2937/MOSA Chp.13, 

calculated total porosity by MOSA Chp.18, moisture characteristic (7 points) by ASTM 

D6836/ASTMD2325/MOSA Chp.26, calculated unsaturated hydraulic conductivity by 

ASTM D6836/SSSAJ, 1980.  The samples were remolded to the estimated bulk density 

of the material prior to stockpile excavations and exposure of the test sites. 

 

2.3 CLEANUP 
 

At the completion of infiltration testing, the sites were back-filled with the excavated 

material from the test site, compacted, and leveled.  At each site a flagged lathe, labeled 

with the site ID was located in the general area of the test site for surveying purposes. 

 

2.4 SURVEY 
 

Pam Pinson of Phelps Dodge arranged for a land survey, which will provide the location 

of each sample site. 
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3.0 RESULTS 
 

Listed below are the infiltration test ID’s and the depth of the wetted front (zone) for each 

test site. 

 

1C-T1 (6-7 inches) 

1C-T2 (4 inches) 

1C-T3 (4 inches) 

Savanna-T4 (3 feet) 

3B-T5 (1 to 4 inches) 

2B-T6 (1 to 4 inches) 

2C-T7 (1 to 4 inches) 

Savanna-T8 (1 to 10 inches) 

 

Table 1 provides the calculated hydraulic conductivity (Ksat) for each infiltration test 

using Darcy’s Law.  The Ksat values ranged from 9.74 E-05 to 2.4 E-03. 

 

Table 1: Calculated Hydraulic Conductivity (Ksat) Results 

Test ID Infiltration Test Type  
(Falling head /Constant head) 

Saturated Hydraulic 
Conductivity 
Ksat (cm/sec) 

1C-T1 Falling 1.57 E-04 

1C-T2 Falling 2.15 E-04 

1C-T3 Falling 9.74 E-05 

Savanna-T4 Constant 2.4 E-03 to 3.9 E-03 

3B-T5 Falling 4.78 E-05 

2B-T6 Falling 2.54 E-05 

2C-T7 Falling 4.78 E-05 

Savanna-T8 Falling 4.80 E-04 
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